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JUMMARY

\

In the areas of communication and surveillance, where there may exist

an inability to predict solar particle effects on atmospheric and
ionospheric environmental conditions, our research effort has been
directed toward the design, development, and construction of energetic
particle detection instrumentation for satellite flight. Our instru-
ments measure energetic particle fluxes, discriminate species (electronms,
protons, and/or ions), and perform energy analyses; are capable of
discovering new scientific knowledge concerning the near-earth space
energetic particle environment, and are compatible with Air Force
satellite rides. The effort has covered the entire spectrum from

design thru construction and integration into the host satellite vehicle.

All instrumentation was adapted to current research needs. New devices
such as position-sensitive detectors, microprocessors, and magnetic
materials were integrated into current designs to obtain maximum
spatial, angular and energy resolution consistent with reliability

and delivery schedules. Reports on all aspects of the instrumentation
and data formats were prepared for utilization and interpretation in
analyses which were performed on the final data.




I. SSJ4 ELECTRON AND ION SPECTROMETER FOR DMSP

1.0 INTRODUCTION

The $SJ4 is a dual electrostatic analyzer which measures both

precipitating electron and ion fluxes and replaces its predecessor,
the SSJ3, on the DMSP Satellites. Three units have been completed
for the F-6, F-7, and F-8 spacecraft.
In the SSJ4, differential energy analysis is performed by two pair

of electrostatic analyzers {(ESA) in which a time-sequenced variable

LT .

electrostatic field deflects particles of selected energies toward exit
apertures where they are counted by Channeltron Electron Multipliers
(CEM). The small ESA's cover energies ranging from 30eV to 1 keV; the
larger ones from 1 keV to 30 keV. The accumulation time at each energy
level is 95 ms, with both sets of analyzers operating simultaneously.
Two complete 20 point spectra are produced each second (one electron and

one ion) and the 40 data words are transferred to the satellite on command.

Figure I~1 shows the SSJ4 fully assembled; Figure I-2 with the cover

off, Figure 1-3 shows the electron analyzer assembly.

2.0 INSTRUMENT DESCRIPTION

In this section, five aspects of the instrument are discussed. b

2.1 ANALYZERS

The SSJ4 employs four separate electrostatic analyzers of the curved

(cylindrical) plate variety. This type analyzer uses a variable potential

........
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difference between two curved plates to effect energy analysis. The
collimators and entrance aﬁd exit apertures are arranged such that to
be counted charged particles must follow a very nearly circular tra-
jectory through the radial electric field between the plates. The
center energy in electron volts of singly-charged, non-relativistic

particles in such trajectories is given by:

RV
2d

where: V = plate to plate potential in volts

w
[

mean radius of curvature of plates

d = plate separation (R1 - RZ)

Thus, the energy of particles passing through the exit aperture is
directly proportional to the difference in potential between the plates.
The constant of proportionality, known as the "analyzer constant" is
equal to 5% . The analyzer constants for this instrument are 20 eV/V
and 2 eV/V for the high and low energy analyzers respectively. The high
energy plates are operated between %25 and 1750 v, covering the energy
range from 950 eV to 30 keV. The low energy plates are operated at 1/3
the high energy voltages and cover the range 30 eV to 950 eV.

The balanced T configuration creates a zero potential surface midway
between the plates. Since this surface passes through the narrow aper-
tures, particles undergo negligible acceleration upon entering and leaving

the analyzers.

--------
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The plates are aluminum with a sandblasted finish to minimize the
amount of solar extreme ultraviolet reaching the Channeltrons, which are
sénsitive to radiation in this part of the spectrum. Reflections from
the small plates are further reduced by closely spaced serrations. The
presence of dielectric materials between the plates or in the vicinity
of their edges was avoided to prevent charge buildup which could affect
the particle trajectories. The low energy geometry is shown in Figure
I-4, along with dimensions and a list of the ten energy steps for the
small ESA's. Figure I-5 is the large ESA geometry and energy levels.

For both the electron and ion analyzers the front collimators
employ four levels of apertures to reject off-axis particles and solar
XUV, At the other end of the plates is an exit aperture with a single
wire grid which, like the entrance aperture, is normally at ground
potential to maintain the symmetry of the electric field. Following
this aperture, are a grid and the detector, which are biased differently
for the electron and ion analyzers. For electrons, the grid is main-
tained at -5V to help reject low energy secondary electrons; the front
of the channeltron is biased at +95V to provide post-acceleration in
order to minimize the effect of the decrease in channeltron efficiency
below about 100 eV (Figure I-6). For ions, more post-acceleration is
needed, since channeltron efficiency drops off significantly below 1 keV.
Thus, the grid and channeltron are both biased at -1 kV (Figure I-7).
(The anode of the channeltron is operated at +2 kV to maintain the

correct operating voltage.)

......................................
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2.2 DETECTORS

RN, P Y

The detector assembly for each of the four ESA's consists of two
3 channel electron multipliers, or Channeltrons, manufactured by Galileo
3 Electro-Optics of Sturbridge, Mass. Specifically, the large ESA for
| both the electrons and fons and the small ion ESA use two CEM 4019 .
(10mm funnels). The small electron ESA uses two CEM 4013 (3mm funnels).
;; These are high gain devices, producing an output charge pulse of .

107 - 108

electrons about 20 ns in width. The two detectors for each
ESA are connected in parallel with a potential difference of 3 kV
between their funnels and their anodes.
i The Channeltrons used in this instrument have undergone special
i screening by the manufacturer to minimize the possibility of early
: failure. These units are expected to have a lifetime exceeding 1011
counts wﬁich greatly exceeds the predicted total count range for this
instrument.
: In order to eliminate solar XUV as a limiting factor om the
| Channeltron lifetime, a solar gensor has been included in the instrument
to digable the power supply, and thus Chanmeltron bias, whenever the
: sun approaches the fields-of-view of the analyzers.

The instrument is tested and burned=-in with Channeltrons in place.
_3 For this purpose a clean sorption and ior-pumped vacuum system is used,
g eliminating the potential problem of gain degradation resulting from

exposure to oil vapors found in conventional systems.

The Channeltrons are shock-mounted Qich Viton spacers inside a

hard anodized cylindrical aluminum mount. Care was taken to avoid

San-& A .%- K n

potentially contaminating materials in the instrument which might cause

=3 AL

long-term gain degradation.

y
)
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q 2.3 ELECTRONICS

: The SSJ4 incorporates a highly refined electronic design which
is extremely power and space efficient and of well proven reliability.
Figure I-8 is a block diagram. The channeltron outputs are coupled to
preamplifier-discriminators which produce C-MOS compatible shaped
pulses. These pulses are counted by log accumulators. Timing and
contrql logic steps the energy levels (plate voltages), resets and
enables the log accumulators, and loads the data words into serial
shift registers. Upon receipt of the shift clock from the spacecraft
once per second, the data words are serially shifted out on a single
data line. Brief descriptions of the furictional clocks follow.

§ 2.3.1 Preamp-Discriminators

These units are charge sensitive and discriminate againét pulses
below about .5 picocoulomb, aﬁ order of magnitude below the lowest
expected mean detector output.

An externally accessible test input allows the operation and
threshold of these units to be verified during testing.

2.3.2 Log Counters

The log counters produce a 9 bit logarithmic representation of the
. data count. The five least significant bits comprise the mantissa and
the remaining four bits comprise the exponent. The conversion from this
representation to actual count is demonstrated in Table I-1. For the
$SJ4 instrument, the log uccumulator circuit used in SSJ3's was re-
designed as a custom hybrid, using high reliability, radiation hardened

C-MOS chips. Use of this hybrid enables a high density logic design

13
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TABLE I-1

o 4 s 4y

ELECTROSTATIC ANALYZER (ESA)
S8J4

Summary of Characteristics

Cayan YR O

- Particles Detected Electrons, lons

; Detectors Used 2 Channeltron Electron Multipliers for
: each of the four sets of ESA plates

Method of Energy Analysis Voltage Stepping on ESA plates

Number of Energy Levels 10 for each set of ESA plates;
' 20 each for electrons and ions

g Energy Levels Level # keV Level # eV

30.00 11 948
20.44 12 646
13.92 13 440
9.48 14 300
6.46 15 204.4
4.40 16 139.2
3.00 17 94.9
2.04 18 64.6
1.39 19 44.0
.948 20 30.0

st

QWO NV H LN~

E)
[

Acceptance Angles - Electrons Large ESA: 1.6° FWHM across the apertures
8.0° FWHM along the apertures

. Small ESA: 3.7° FWHM across the apertures
- 4.8° FWHM along the apertures

Lala

Acceptance Angles - Ions Large ESA: 1.6° FWHM across the apertures
(pending calibration) 8.0° FWHM along the apertures

. Small ESA: 9.2° FWHM across the apertures
5 12.0° FWHM along the apertures
: . Normalization Constants - Electrons Large ESA: 1.3x10:4cm2-ster.

] Small ESA: 4.3x10 ~cm’-ster.

Normalization Constants - Ions Large ESA: 1.3x10:4cm2-ster.
> (pending calibration) Small ESA: 8.6x10 cm -ster.

15
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TABLE I-1 (cont.)

ESA SSJ4 (cont.)

AE/E - Electrons Large ESA: 4.0%
Small ESA: 7.2%
AE/E - Ions Large ESA: 4.0%
(pending calibration) Small ESA: 18.0%
Data Rate . One complete spectrum per second -
E Accumulation Time at each 95 ms.

Energy Level

N Digital Data Format (9 bits per channel) ,x (40 channels)
! . = 360 Bits

. Note: Each 9 bits in every channel are in logarithmic form, the five

‘ least significant bits being the mantissa and the remaining four
* the exponent. This number is converted to decimal form according
to the following relationship:

Count = 2¥(x + 32) - 33

where
©00m000d®
y X
Data Format Each 9 bit count is designated either

EN or IN, where "E' designates electron
counts and "I'" ions, and 'N" is the
appropriate energy level. For example,
the first 9 bit word out is El, the

30 keV electron count. The sequence is
as shown:

1st BIT OUT .

}
|1zo|119|118|117l,71/11511411311211115301,7111;14l:lalslzjglx1510159153157156125lsalsalezlzl}-—-
: / /7

111111111

HS8” Y X LS8
4 81TS § BITS

16
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TABLE I-1 (cont.)

ESA SSJ4 (cont.)

Analog Monitors Plate voltages: 5.0 volts to .25v
' Power supply : 2.5v
Temperature : 2.5 v at room tem.

he Size 5.25in x 5.75in x 6.0in
Weight 5.5 1bs
Power Dissipation 28v @ 10.5ma = .3 watts

Sv @ S pa normal
Sv @ 200 pa with sun in field of view

External Finish Electroless nickel over aluminum
17
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and maximizes reliability. These circuits have a capacity of 258,000

* VA

counts which is well in excess of the maximum Channeltron output for a

95 ms accumulation time. See Figure I-9.

. 2.3.3 Control and Data Logic
The SSJ4 logic derives its timing sequence from a spacecraft
supplied 10 kHz clock and once per second data shift clock and gate.

It generated control signals which, at the end of each 100 ms interval,

.y L

step the plate voltages and load the contents of the counters into shift

registers and reset them. This circuitry consists entirely of high-

reliability, radiation-hardened C-MOS logic elements. Figure I-10 is the
i' logic diagram.

2.3.4 Power Converter and Sun Sensor

e The SSJ4 package utilizes a 50 kHz sine wave inverter type DC-DC

4 , Converter to provide all required power. This supply is built in<house.

3 If supplies six regulated voltage levels: tSV, +1000v, +2000V, and

é +3000V. +5 operates all analog and digital circuitry. flOOOV, which
are derived from voltage doublers, supply the plate voltage stepper.

+3000V, +2000v, and -1000V are used to bias the Channeltrons.

sodciel Lat L

A sun sensor is provided to turn the instrument off during periods
when the sun is in the field of view. The sensor consists of a photo
transistor at the end of a collimator aligned with the analyzer collimators.
The photo transistor, through a Schmitt trigger circuit, turns off the
power converter. The same circuit is used for on-off control of this
instrument by spacecraft command.

2.3.3 Plate Voltage Regulator

A novel feature of the SSJ instruments, and one which enables their

s m AN S
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extremely low power consumption and high reliability, is the design

of the regulator for the analyzer plate voltages. Basically, it is a
high voltage balanced shunt regulator employing a chain of 6 high voltage
FET's as the shunt element. Using a single amplifier and the +5 volt
power buss as a reference, this circuit provides balanced positive and
negative output voltages, ranging from 25 to 750 V, as well as positive
and negative outputs at Vp/3 to operate the low energy analyzers. A
series of precision programming resistors, sequentially placed in the
circuit by the C-MOS logic, determine the voltage levels. The voltage
settles to within 1X of its final value within 4 ms.

2.3.6 Background Measurement

In order to minimize possible problems in the interpretation of
data due to contamination by penetrating particles, two steps have
been taken. First, shielding equivalent to about 1/8" of copper has
been placed around the Channeltron cones to minimize background counts.
Second, two additional commandable operating modes have been provided
to enable the inclusion of counts of background only from each
analyzer in the data stream., These two modes are:

1. Energy levels 10 and 20 (948eV and 20 eV) are replaced by
background counts for both ions and electrons.

2. Background counts replace levels 10 and 20 as in MODE 1,
but only on alternate seconds. During the remaining seconds

normal, complete spectra are produced.

The background counts are obtained by reducing all analyzer plate

voltages to near zero, and re-biasing the ion exit apertures to repel

21
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the.lou energy ions passed by the analyzers. The biasing of the

electron exit apertures does not need to be changed for this purpose.
The choice of operating mode is under ground station control and

may be changed in response to particular data requirements. Mode 1

is expected to be most useful. It should be noted that neither back-

ground mode significantly compromise the quality of the spectra produced,

because of the choice of the spectral points to be sacrificed: level 10

is redundant with 11 and need only be checked on occasion to verify

the stability of the detector efficiencies; level 20 (30 eV) is the

least reliable point on the spectrum because it is difficult to

calibrate, and sensitive to stray electrostatic fields.

2,4 TESTING

The SSJ4 units for ¥-6, F-7, and F-8 have undergone the same
test program as all SSJ3 packages delivered to date. This program
includes:
1. Eavironmental testing of the first unit to qualification
levels specified by DMSP,
2. Full electrical testing of each unit.
3. Environmental testing to flight acceptance levels.
4. Additional burn-in at 50°C including full functional testing
at periodic intervals.
In addition to these tests, instrument response parameters are verified

as indicated in the following section on calibration.

22
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3 2.5 CALIBRATION

i The SSJ4 instruments are quite uniform with respect to plate and
- aperture geometry and plate voltages, ensuring consistent analyzer
characteristics. However, significant variations exist in the charac-
b . teristics of the channeltron detectors which cause corresponding vari-
p ations in geometric factor. Primarily for this reason it is important
to perform actual beam calibrations on the J/4 units.

The F-7 unit was calibrated using a facility at the Southwest

TT L
a ¢ » « a7 .t

Research Institute in San Antonio. Because a suitable proton beam

was not available, the proton analyzers were calibrated with the same

1 electron beam as the electron analyzers, with plate voltage polarities

E reversed and post-acceleration voltages adjusted accordingly. Final

t proton geometric factors were calculated by correcting the values so

P obtained using published electron and proton efficiency curves for

- channeltrons. Figures I-11 and I-12 are typical plots produced in this

; calibration. The geometric factors and angular and energy response

ﬁ curves obtained are unfortunately somewhat uncertain due to uncertain-
ties in the geometry of the beam, which was designed for analyzers

with smaller apertures.

'1 The F-6 SSJ4 could not be calibrated because of scheduling

constraints.
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II. PROTEL

1.0 PHYSICAL PRINCIPL"S

Ionizing particles penetrating the depletions region of a solid state
detector create hole-electron pairs at a constant rate of approximately
one pair/3.5 eV of energy lost by the particle. There exists a well-
defined range-energy relationship for proton in silicon, and it is this
relationship that we wish to utilize in the proposed instrument.

We can distinguish 2 cases in the interaction of an incoming proton
with a solid state detector dJepending on whether the range of the par-
ticle is smaller or greater than the depletion layer of that detector.

In the first case, when the range of the proton is less than the de-
pletion depth of the detector, this proton expends all of its original
energy, Eg, in the depletion region, and the total separated chafge is a
direct measurement of the particle energy.

In the second case, the range of the incoming proton is larger than
the depletion layer, the amount of energy lost in the detector is a well-
defined function of the originai energy of the proton. The particle
emerges from the back of the detector with an energy E < Eg, after having

lost AE = Eg -~ E in the interaction.

A second detector can be placed immediately following the first one so
as to intercept the outgoing particle. If the remaining range of the pro-
ton is less than the thickness of the second detector, then the sum of the
ionization in these 2 detectors is a direct measurement of the energy of the -
incoming proton. On the other hand, i1f the range of the proton still
exceeds the depletion depth of that 2nd detector, “en the energies lost
in the 2 detectors are again an indirect measurement of the original

energy of the proton. Furthermore, requiring that these two events be

26
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collected within a very short time interval from one another (called the
resolution time of the system) provides a mean for rejecting background
events, thus improving the signal/noise of the instrument.

Figure II-1 shows the energy loss, AE (MeV) as a function of the inci-
dent proton energy, E (MeV) for 4 detectors of different depletion
depth. The maximum ranges of protons in each detector are indicated in
the figure. Modern silicon detectors have negligible dead layers
("windows"), corresponding to less than few tens of KeV for a 10 MeV
proton. The electric field applied to such detector by means of a back-
biasing battery assures that hole-electron pairs can be collected with-
out significant recombination occurring. Preamplifiers are made so that
output pulse heights are linearly proportional to the amount of separated
charges. Pulse height analysis can thus be used to derive spectral in-
formation on the incident particle energy.

The proton spectrometer under consideration will measure the
trapped proton fluxes in the magnetosphere in the energy range of 1.0 -

100 Mev.
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3 -7 .

2.0 DESCRIPTION OF THE INSTRUMENT

The proposed instrument is made up of 3 distinct parts.

1) Two head assemblies, each covering a different energy range,

and each made up of

a) a collimator,

b) a sweeping magnet,
c) a detector assembly,
" . d) a passive shield and

e) an active shield.

DA

2) The associated electronics.

2.1 The High Energy Range (6 ~ 100 MeV) Head Asssembly

iR V% a0

Figure II-2 shows the schematics of the head assembly for the high

energy part of the total energy range to be covered.

T

2.1.1 The Collimator

L The collimator is made of aluminum, and it has a thickness corres-
P ponding to the ranges of protons far in excess cf several hundred MeV,
when one takes into account the oblicity of the trajectories through

the collimator walls necessary if the penetrating particles are to reach

LAJLAS Ja0 o oo
LA

the detectors at all. The equivalent range for electrons is substantially

T el

larger than that for any electrons trapped in the magnetosphere. The
opening half-angle of the collimator is 16.8°, 0.1° larger than the accep-

} tance half-angle, o, of 16.7° which is defined by the entrance and exit

oy

apertures in front of the detectors, on either sides of the sweeping mag-
net. Thus this collimator does not define the geometrical factor of the

head assembly, but its function is to collimate to a first order the

Y I
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incoming flux of protons, and to eliminate outside of the acceptance cone
the proton and electron fluxes. The surfaces of the conical envelope have
a saw-tooth pattern machined in it to limit the scattering of particles on
this surface and into the entrance aperture.

2.1.2 The Magnet Assembly

The magnet is located between the entrance and exit apertures of
the head assembly. Its function is to sweep away from the exit aperture,
i.e., from the detectors, the electron fluxes which otherwise would
contaminate the proton data. Figure II-3 shows a schematic drawing of the
magnet assembly. It consists of the 2 magnet pole pieces and a yoke.
The pole pieces are made up of HICOREX-90B while the yoke is made up of
CRS101001020. Figure II-4 shows the resulting magnetic field along the 3
main axis. Using these data, a computer simulation showed that the
minimum electron cut-off energy will be 3.9 MeV for an incoming electron
at the maximum angle (“v20°) with respect to the center axis of the spec-
trometer, and in the (i,y) plane (see Figure II-4). The electron cut-off
will be even greater for incoming particles whose trajectories are con-
tained in a plane making an angle with the (x,y) plane, and/or not inter-
secting the center of the magnet.

2.1.3 The Detector System

Figure 1I-2 is a sketch of the detector stack. Six detectors are re-
quired. All detectors are of the silicon, lithium-drifted type. They
have the following thicknesses: 400um, 500um, 1000um, and 2 x 2000um.
This group of detectors is followed by a copper absorber of 1.27 cm,
followed by a 6th detector of 2000um depletion depth to be used in anti-
coincidence for protons with E > 100 MeV, thus defines the upper energy

threshold of the spectrometer. Actually this 6th detector can also be
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used to measure the proton flux from 100 MeV to V300 MeV.
In front of the first detector (400um) is an aluminum absorber of
0.02 cm (54 mg-cm-z) used to absorb low energy proton (E $ 5 MeV).
Figure II-5 shows the energy deposited in each detector of the telescope as
a function of the incoming proton energy.
The 6 - 100 MeV range is divided into 15 energy channels.
féble II-1 shows the 16 energy channel boundaries with the corresponding

energy loss in each of the detectors. Triple and/or quadruple coinci-

dences will be required to ascertain the particle energies. Each de-

LARCS LR
Lela 1w

tector will have a lower energy threshold of about 1 MeV, which is many

>

MR IOy U A

sigma's above the energy deposited by a minimum ionizing particle in any
of the detectors.

Table II-2 lists the silicon detector capacitance as a function of

-‘. '.“

the thicknesses of the detector which will be used in this instrument.
Also listed are the bias required to totally deplete each detector. It
should be noted that these bias voltages are the minimum values to

totally deplete these detectors, i.e. |E| = 0 volt/cm right under the

aluminum back contact. In practice, the |E| at that point should be
> 0 volt, to improve the lifetime of the detectors, i.e. the detector
should be over-biased.

The front detector (400 um) has a diameter of 2.25 ¥ 0.02 cm, and

precisely define the solid angle of the proton spectrometer. Any

event not passing through this well-defined area of the first detector,
but interacting with one or more of the following detectors, although
possibly losing the right amount of energy in each one of them, will

be vetoed out.
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(MeV) in the 5 Detector Configuration of the
High Energy Range Head Assembly
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TABLE II-1

Channel Boundaries with the Corresponding Energy Loss in Each
of the Detectors, for the High Energy Range PHA

Energy Energy Loss (MeV)
Boundaries
(MeV) 1st Det. 2nd Det. 3rd Det. 4th Det. 5th Det.
6.0
2.78-4.91 - - - -
7.4
4,91-6.95 - - - -
9.15
6.95-3.80 1.0 -5.48 - - -
11.0
3.80-3.12 5.48-7.80 - - -
12.7
3.12-2.58 7.80-4.08 1.00- 7.02 - -
15.0
2.58-2.13 4,08-3.03 7.02-11.73 - -
18.2
2.13-1.79 3.03-2.43 11.73- 5.94 1.00-10.86 -
22.0
1.79-1.53 2.43-2.02 5.94- 4.54 10.86-16.56 -
26.45
1.53~1.27 2.02-1.65 4.54- 3.52 16.56- 8.47 1.00-17.02
33.12
40.00
1.09~0.95 1.40-1.21 2.93~ 2.49 6.53- 5.34 8.00- 6.00
48.0
0.95~0.84 1.21-1.07 2,49~ 2,18 5.34- 4.58 6.00~ 4.95
56.0 .
. 0.84~0.72 1.07-0.91 2.18- 1.86 4.58- 3.84 4.95- 4.04
68.0
0.72-0.64 0.91-0.87 1.86- 1.63 3.84~ 3.34 4.04- 3.46
80.0
0.64~0.54 0.87-0.68 1.63- 1.37 3.34- 2.78 3.46- 2.84
100.0
36
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TABLE II-2

Silicon Detector Capacitances of the Detectors
to be Used in this Spectrometer

Det. Thicknesses Capacitance Bias Voltages

(um) (pf/mm2) (Volts)

20 5.2 <1.0

- 50 2.0 2.0

75 1.5 4.5

100 1.0 8.0

i 400 0.28 120.0

$ 500 0.21 200.0

¥ 1000 0.105 780.0

2000 0.054 3000.0
4
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LRl 2ty {

37




Thus the entrance and exit collimators together with detector 1

j define the geometrical properties of the instrument to be:
és Angular aperture: 16.7° (half-angle)
tz Field of view: 0.265 ster

Detection area: 1.77 cm2

Geometrical factor: 0.12 cmz-ster

2.1.4 The Passive Shielding

In order to eliminate penetrating particles (electrons and protons
with E § 135 MeV), as well as to reduce as much as practically feasible
the bremsstrahlung produced by these electrons, require 1.33 cm of copper
and 1.2 cm of lead surrounding the detector stack.

The 1.33 cm of copper are sufficient to cut the total flux of high

energy electrons encountered in the heart of the outer radiation

zone (Figure 1I-6). This thickness of gopper corresponds to the range of
100 MeV protons. However, the high energy electrons will produce large

i amounts of bremsstrahlung in the same copper shielding (see the section on
o background estimates). Some of these y-rays will be transmitted

through the copper and will interact with the solid state detectors with

L

% a small, but not negligible probability.

i With the help of the "Tiger Code" (a computer code developed at Oak
; Ridge National Laboratory), we have simulated the electron interactions
E with copper shield.

o

These calculations have shown that the unwanted bremsstrahlung,
ﬁ can be cut down considerably by using 1.2 cm of lead around the detectors.

This added shielding results in V3 orders of magnitude reduction of the

ik D QURCEN

bremgstrahlung flux in the 240-360 keV range (see Figure II-7). This
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Figure II1-6. Comparison of AEI-7 Model Spectra with Various

Data Set at L=4. The HI model curve is mainly
based on the OVI-19 observations from Vampola
(Vette et al., 1978)
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added lead shielding further extends the proton range to at least

135 MeV.

2.1.5 The Active Shielding

To further eliminate the unwanted background, especially the protons
with E 3 135 MeV, which are present in the inner zone, and could penetrate
the total thickness of passive shielding, we rely on an active shielding
around the detectors. This active shielding is made up of 5 concentric
rings of silicon around the detectors (one ring to each detector). Each
ring is etched in the same piece of silicon as its corresponding central
detector. Thus, within time resolution of AT =~ 1l.-5. x 10‘-8 sec , any
event recorded in an outer ring and one or several central detectors
will be rejected by the electronics logic.

A 6th detector is located immediately following the stack of 5
detectors of the spectrometer. As mentioned above, its function is to
define the upper threshold of the instrument (100 MeV). But it also
will veto-out any particle (high energy protons) which, penetrating through
the rear of the telescope, would interact with one or more of the detectors,

with the proper energies deposited in each of them.
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2.1.6 Description of the Electronic Logic

Figure II-8 is a block diagram of the loglc for the high energy range
(6 - 100 MeV) of the prbton telescope. Each of the 5 detectors feeds a
standard low noise preamplifier which also shapes the pulse from the in-
coming proton with the proper time constants, and an amplifier. After
the amplifier, the signal is split into two branches, one going to a
low level discriminator, the other to the pulse height analyzer.

The output of the low level discriminator goes into a hodoscope
where the logic for fast coincidence established the occurrence of a
coherent event in several of the detectors. The output of the hodo-
scope enable the proper PHA for each of the detectors for which a co-
herent event has been established. For example, if coincident events
have been ascertained in detectors 1, 2 and 3, the output gate pulses
from the hodoscope enable PHA 1, 2 and 3. Each PHA associated with
each detector is a voltage divider, and the voltage level of the incoming
pulse is composed to the discrete voltage levels of the divider. The
different n~fold coincidence schemes for the high energy range PHA of
the spectrometer are shown in Table II-3. For a particular energy
channel, the coincidence requirement is read horizontally. In our par-
ticular example once it has been established that the incoming event
have resulted in one of the 11 voltage intervals in detector 1, one of
the 4 voltage intervals in detector 2 and on of the 9 voltage intervals
in detector 3, the proper and unique combination of these 3 voltage intervals in
coincidence will be stirred through a matrix to the proper counter which
will be incremented, This will occur in two cases only in our example:

(a5, b5, ¢+~ incrementing the counter for the energy channel #5 (12.7-

42
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TABLE II-3

Coincidence Scheme for the High Energy Range

6.0
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15.0 MeV) or (a6, b6, c6) i.e., energy channel #6.

Since detector 1 defines the solid angle, in all cases, over the
energy range 6 - 100 MeV, a pulse from that detector is required. Up
until 40 MeV, where triple coincidence is required whenever possible,
the precise energy depositions as shown in Table II-1 are necessary. From
40 MeV to 100 MeV, a trigger of the low level discriminator of detector
1 only is required. The precise energy deposition is established in
detectors 3, 4 and 5.

A 6th detector located behind the stack of 5 detectors is used in
anti-coincidence with these 5 detectors. If one or more detector are
triggered together with this 6th detector, the energy of the particle was
greater than 100 MeV, and the analysis of the event will not proceed, i.e.
no output gate pulse from the hodoscope to the PHA's will occur. Such an
event where several of the 5 detectors are triggered plus the 6th one
could occur through a high energy proton penetrating the shielding
material from the side or from the rear of the instrument. However, if
Detector 1 is triggered in the same time has several of the detectors
plus the 6th detector, then we can use the event as a bonified prot;n
event with E > 100 MeV. A 7th detector, which is in fact the parallel
combination of the 5 rings concentric to the 5 detectors, is used as an

anti-coincidence active shield for the stack of detectors. An event

in this active shield will immediately veto any gate pulse from the hodoscope.

In order to facilitate the data analysis and trouble shoot any arti-
fact which could exist in the data, the single count rates and the dif-
ferent count rates will also be recorded as will be the count rates

from Detector 7, the active shielding.

45

. O DI a . - P T T o LT - PO




-7

TV

. 'X‘Pﬂ"" AN

MG S AR i

T

T .

S P SNESENERLEER

LA S

TR T W W v e e =

2.2 The Low Energy Range (1 -9 MeV) Head Assembly

Figure II-9 shows the schematics of the head assembly for the low energy

part of the energy range to be covered.

2.2.1 The Collimator

The collimator is made &f aluminum, and considerations in its design
are the same as those which went into the design of the High Enery:-
Range head assembly collimator. The opening half-angle, a, of the
collimator is 9.64°, again 0,1° larger than the acceptance half-angle, a,
of 9.54° which is defined by the entrance and exit apertures in front of

the detectors.

2.2.2 The Magnet Assembly

The same magnet design is being considered than for the High Energy
Range. Its construction wiII_bC‘realized with similar materials. How-
ever, because of the smaller jaie gap, the magnetic field will exceed

4000 gauss. - The resulting electron energy cut-off will be V4.5 MeV.

2.2.3 The Detector System

Figure I1-9 is a sketch of the detector stack. Six detectors are
required. All detectors aze of the silicon, lithium-drifted type.
They have the following thickmesses: 20 um, 50 uym, 50 um, 75 um, and
100 ym. This group of detectors is followed by a thickness of 150 um
of copper, which in turn is followed by the 6th detector of 100 um

thickness.
This 6th detector is used in anti-coincidence with the other

detectors, defining the upper energy threshold of the spectrometer at
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9 MeV.

The front detector is made light-tight by several hundred ;ngstroms
of deposited aluminum. '

Figure 1I-10 shows the energy deposit in each detector of the telescope
as a function of the incoming proton energy.

The 1-9 MeV range is divided into 8 energy channels. Table II-4
shows the 8 energy channel boundaries, with the corresponding energy
loss in each of the detectors. Triple and/or quadruple coincidences will
be required to ascertain the particle energies. FEach detector will have
a lower energy threshold of 0.250 MeV. A minimum ionizing particle will
deposit, on the average, 35 keV in the 100 um thick detector. Thus
250 keV lower energy thre:zhio)d in many sigma's above expected energy
loss of a high energy particle.

The front detector (20 um) has a diameter of 1.30 ¥ 0.02 cm, and
it defines precisely the solid angle of the proton spectrometer.

The entrance and exit collimators together with detector 1, define

the geometrical properties of the instrument to be:

Angular aperture: 9.54° (half-angle)
Field of view: 8.7 x ].0"2 ster
Detection area: 0.55 cnz
Geometrical factor: 1.2 x 10-2 cmz-ster

2.2.4 The Passive Shielding

The penetrating particles (electrons and protons), as well as

a large portion of the bremsstrahlung by the electrons interacting

with the S/C and with the shield itself are prevented from reaching

the detectors
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TABLE II-4

md

Channel Boundaries with the Corresponding Energy Loss in Each
of the Detectors, for the Low Energy Range PHA

Energy
Boundaries

(MeV)
1.0
1.3
1.6
2.0
2.6
3.5
4.6
6.0

9.0

1st Det.

1.05-1.2

1.05-0.80
0.80-0.59
0.59-0.45
0.45-0.34

0.34

0.25

2nd Det.

0.25-0,82
0.82-1.45
1,45-2.10
2.00-1.00
1.00-0,76

0.76

i

Energy Loss (MeV)

3rd Det.

0.25-2.10
2.00-0.92
0.92-0.65

0.65-0.44

SO

4th Det.

0.25-2.6
2.6 -1.15

1. 15-0. 70

5th Det.

0.25-3.1

20 25-1000

. e
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by using 1.33 cm of copper and 1.2 cm of lead around these detectors.
The design is similar to that of the High Energy Head Assembly passive

shielding.

2.2.5 The Active Shielding

Each of the 5 detectors has a concentric ring on its outside which
is used as a live anti-coincidence ring for that detector.
Also the 6th detector will be used to veto-out any particle impinging

on the stack of 5 detectors through the rear of the instrument.

2.2.6 Description of the Electronic Logic

Figure II-11 is a block diagram of the logic for the low energy range
(1 - 9 MeV) of the proton telescope. This logic is identical to that of
the high energy range. Table 1I-5 shows the different n-fold coincidence

requirements for each of the 8 energy channels.

Sl

.......

PR
.....




.

W W

Y

L ] ] [y 4
3LM3LVS
t 1a30wo132ads a3uey £81sug Mo Y3 jo weaSerq X20[g STUOIIIA[F "II-11 @andyy
¥3LNNOOf=—7 am N 3 L4
w
¥3ILNNOD
ﬂ'na LLNY
3INNOD veig
¥3LNNOD Gig
H3LNNOSJe—;-
Y3ILNNOGD % amn 3 %
$119 $O€ w
" 91 x 61 ¥IINNOD [e—- - A
YILNNOD
¥,
a 2
M3LNNOOfe
a 3d09S0GOH :
LN v
¥ILNNOD % ] -
¥34NN00}e— . e ]
41
N0 S0, . e o .
Wi¥3s ¥3ILNNOD 5 o Sasv
3 [ XY & HQ
NI rafpls $¥eq = A
131vHvd YN Je—7 % wizg P
9,9
p%3 9% 4p *a/v )|
Olj_mw»z:ou__n )| N
Ow @ﬂ -OQMMD ~ gnv Q
$5%q05 ve2g
YILNNOD e — n“ ° y “ e w2ig am .
¥3151934 vq¥o 3 % farv I3 N I N | <Y B .
L41HS ¥31NNOD = 3 ve2q L :
2 % 2.2 am .
43 LNNOD Je— 350 3 39 3 9 ,
. 5 a 9 2q/v ) . . .
€ m —- = - e R
292 2q )
¥3INNOD fe—1 e ]
23 Sp stz | AN ;
1 H ' 3 9@
¥3ILNNOD | .“ N.w > a/v é léf@l ‘o .4
o T
MoV3 S118 91) \
SYOLYINWNOIV 907
SRAKNNAN _ NINIINY  FIIPIERS . . SRR of WMBBHEE . Wit NS ' DRI o S SRR Y




TABLE II-5

Coincidence Scheme for the Low Energy Range

1.0
1.3
1.6
2.0
2.6
3.5

4.6 l
a

a)
a2
a3
a,

ag

6

—

9.0
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ﬁt 3.0 DISCRIMINATION AGAINST BACKGROUND RADIATION

3.1 Theoretical Considerations

An ideal instrument should analyze only particles of a single known
species arriving within a known solid angle about a known direction.
Only then can the full physical significance of a measurement be ex-
ploited. The instrument must therefore be capable of discriminating very
strongly against all other particles - that is, either not detect them,
or reject them from analysis. Such other particles constitute a back-
ground to the basic desired measurement, and the number of recorded
events resulting from them must be a small fraction of the number of
recorded events of the desired category.

We may distinguish three classes of such background:

a. Background arising from particles of the opposite species
(e.g. by electrons in a proton spectrometer) which arrive
through the entrance aperture.

b. Background arising from particles of either species (protons
or electrons) which are energetic enough to penetrate the
shielding about a detector.

c. Bremsstrahlung background arising from electrons striking
the spacecraft and shielding material.

We can derive general approximate expressions for the contribution of
cach class of background to the measurement. These expressions will be
applied in the specific case of the proton spectrometer. The results
of such analysis are to be considered as a guide only; actual evalua-

tion of the ability of an instrument to discriminate against background
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must await calibration and test procedures.

We consider first background arising from particles of the opposite
species which arrive through the entrance aperture. For proton spectro-
meters using a pulse height analyzer (PHA), a sweeping magnet ahead of
the entrance aperture can be utilized to exclude electrons of energies
up to several MeV.

Let

j(E, AE, 1) be the unidirectional intensity of primary particles

of species i (i = p or e for proton or electron respectively)

which are detected by an instrument, within an energy channel

of width AE above E at an arbitrary pitch angle;

jp (Eg+E,, AEg, ig) be similarly defined for the background

radiation;

Pp (Eg, AEg, ip) be the probability of detecting a background

particle; this depends specifically upon the instrument;

E, be the minimum energy required for a background particle to

reach a detector;

f, be the ratio of background to primary radiation
Then

ijg (Ep + E,, OEg, ip)

fa = PB (EB, AEB’ iB) (1)
J(E, AE, 1)

We point out that for spectrometers using PHA from solid state detectors
Eg = E and AEg = AE, but this need not be so in the general case. For
threshold detectors - 1.e., for either or both of AEg and AE approaching
infinity, the corresponding j is an energy integral omni-directional flux.

We may also omit certain symbols in arguments of functions where no

55




[l
'.
L
L
e
b

misunderstanding can arise.

Pp can be minimized by electronic techniques, such as by making dE/dx
measurcments on the incident particle and using this as a basis for accep-
tance or rejection of a pulse for analysis. In such cases, Pp depends

upon statistical fluctuations in the energy deposited by the background

particle in a dE/dx detector. . Pg may be evaluated in such cases by
following the procedures given by Rossi49) for determining the prob-

ability that more than a certain threshoid energy be deposited in a

18— RectoRr

given absorber by a particle of given incident energy. Pp may be further

minimized by additional electronic constraints such as many-fold coinci-~

) e e

4 dence, or anti-coincidence requirements.

Consider next background arising from particles of either species

-y
s s

;E which are energetic enough to penetrate the shielding about a detector;
ﬁ‘ Let:

! "

L A,f) derote detection areas and solid angles respectively; subscript

B will refer, as before, to background particles;

E, be the average energy required to penetrate the shielding over
all of space (47 staradians) about a detector;

fc be the ratio of background counts to primary counts for this

case.
g Then we have in a single detector:
r<~
In form, equation (2) differs from equation (1) by the coefficient
. involving the raticv of geometrical factors; this coefficient may be as
)

large as 103. On the other hand, the ratios of j's will be much smaller,
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since E; will be generally very large, of the order of 135 MeV for pro-

.

tons, and 40 MeV for electrons. This term will thus compare, for

PRGAIM " — PRACTE

example, fluxes of 135 MeV protons with fluxes of a few MeV protons ; this

ratio will be small because of the steepness of proton spectra in the

— L utans
AR
1)

magnetosphere, except in the inner zone where the proton spectrum is known
to be constant until v E = 400 MeV.

In the detectors where two-fold coincidence requirements are further
imposed in order to analyze a particle, for coherent events (caused by
! scattering of the particle detected in one of a coincidence pair into the
other), equation (2) is further modified by a geometrical factor gjo
representing the probability that the scattered particle will scatter into
- the second detector of the coincidence pair, and by a factor analogous to

Pp, call it Ppy, representing the probability that the particle will be

detected in the second detector. Since a particle may also scatter from

the second to the first, we thus have

coh

£ = f.1812Pp2 (Epys

(Ep,» LE; ) 3

AEg,) + £ B1° °Epy

2821781

where subscripts 1 and 2 refer to detectors.

For incoherent events, i.e., accidental coincidences, the approxi-

mate expression for the ratio fzcc of background to primary counts is
given by 1

ace RiRq2 + RoR.1)2T

£ = an j(E, AE)

(4)

where T is the coincidence circuitry resolving time (about 2-5 x 10-8 sec
for the instruments proposed) and the R's are singles counting rates

in the logic of each detector. The absence of a c-subscript indicates a
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total rate, not just due to the background particle alone being considered.
The numerator of equation (4) is derived from the well known expression
for accidental counting rates.

We finally consider bremsstrahlung background produced in the space-

craft. This is the most difficult type of background to deal with quan-

titatively, but we shall strive to derive an upper limit. A bremsstrahlung
photon must undergo a Compton or photoelectric process in order to be
3 detected at the energies of importance to us. We next note from geometri-
cal considerations that bremsstrahlung production can be considered as
all arising in shielding of the appropriate thickness (in g/cmz) immediate-

ly surrounding a detector, and that the effective area for determining the

R S S AN

number of electrons generating the bremsstrahlung is the projected area of

the detector averaged over solid angle. Let:

R Atk ata 20 ma 2

Py(E, Ey) dEy be the probability that an electron of energy E
produces a bremsstrahlung photon within the energy interval
dEY about energy Ey;

Z be the atomic number of the shielding;

g Then we will approximate:

-3

9
: P (E, Ey) dEy % 10"~ Z dEy (5)

This amounts to assuming a flat thick target bremsstrahlung spectrum?a)

X Fquation (5) underestimates the number of low

energy photons, but many of these would be absorbed within the shielding
anyway. Since the equation also over-estimates the number of high energy
photons, the approximation is probably on the safe side. The total

a number of such bremsstrahlung photons produced by electrons of all

energies between Ey and E, which could (in the absence of absorption)
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impinge upon a detector is then approximately

107 2 - 4n[3g(Ey) - 5(Ex)] Ag dEy (6)

or

1072 2z - Agjy (By) dEy sec™ ™

where we have neglected the term jg(E,). Now let:

ug(Ey), vp(Ey) be linear absorption coefficients for photons
of energy Ey in the shielding and detector respectively;
Xg, Xp be characteristic thicknesses of shielding and detector
respectively.
Then approximating the energy of a Compton recoil electron by the inci-
dent photon energy, a fair approximation at energies above 1 MeV, some-

12)

what worse at lower energies,” ‘replacing Y subscripts by B
to indicate that charged particles causing background are now involved,
we approximate the differential background spectrum of electrons from

bremgstrahlung interactions in the detector by:
103z - Ap exp[-ug(Ep)xg] expc[-up(Eg)xp] jp(Eg)AEg sec™} (8)

Thus, where:
fy, is the ratio of background counts arising from bremsstrahlung
to primary counts, we have in a single detector:

1073 z - Ap exp(-ugxg) expc(-Hpxp)jp(Eg)AEg

£y ¥ A J(E, AEp)

PB(EB’ AEB) (9)
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In detectors where two-fold coincidence requirements are further im-

posed, we obtain modified expressions for f,, which we denote by f§°h

and fgcc in complete analogy to equations (3) and (4):

coh
fy N £y1812Ppo(Epys AEp,) + £,,8, Py (Epys BEg)) (10)

and

facc (Rlez -+ RZRbl) 2T

b " aq J(E, BE) (11)

A final word about notation: the various f functions used may be
followed by arguments to further classify the function.

As pointed out, such analysis is to be accepted as suggestive only.
Actual evaluation of the ability of an instrument to discriminate against
background must await full calibration and testing.

We should finally mention that any background that arises from radi-
ation which penetrates shielding, and which is therefore fairly indep-
endent of the instrument's orientation, can be measured rather accurately
by observing counting rates when the instrument's detection vector lies
outside the pitch angle cutoff, i.e., within the loss cone. At such
times, the counting rate due to primary particles will be zero, and any
counts observed will thus be due to such background alone. Thus this
measured background can be subtracted from the total counts observed at
an arbitrary pitch angle to obtain a true primary particle count rate.

In our cstimate of the background counting rates due to the dif-
ferent sources which have been identified, we evaluate these different
backgrounds in regions of space where the ratios of the intensity of the

particular background source to the primary radiation is maximum. Thus,
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when calculating background counting rates due to high energy elecrtrons,
we chose the region of space at L ~ 4.0 (Figure II-6). When concerned with
penetrating high energy protons, we consider L =~ 1.15 - 1,50, where the

proton energy flux spectrum is constant, or nearly constant, in inten~

sity up to several hundred of MeV (Figure I1-12).

3.2 Background Estimates for the High Energy Range HeadvAssemb;y

Consider first for Equation (1), the fraction of analyzed events

due to high energy electrons entering the aperture proper. We have

3.5 x 104 el/cmz-sec

R

Jp (4 MeV, =, e)

3.5 p/cm2°sec

n

J (6 MeV, «, p)

Jg's and J's are omnidirectional fluxes. E, is chosen as 4 MeV since all
of the electrons with lower energies will .be swept away from the exit
aperture, immediately in front of the detectors, by the sweeping magnet.
The G-factor for protons is 0.12 cmz-ster. For electrons, the G-factor
is not a constant but varies with the energy of the electrons, only
having the value of 0.12 cm2-ster for particles hardly affected by the
magnetic field, i.e. for Eg >> 4 MeV. However, to be conservative in
our estimates, we take G = 0,12 cmz-ster, independent of energy. Thus,

4

fa 10" Pg(e)

We first calculate the probability of interaction, Pg(e), with only
the 1st detection (400 um depletion depth). We consider a 4 MeV electron
which will deposit amounts of energy in excess of critical energy
thresholds, i.e., 0.54, 1.0 and 2.78 MeV. These probabilities are:

Py (E > 0.54 MeV) = 1072, P, (E > 1.0 MeV) = 1.2 x 10~ and
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Pg (E > 2.78 MeV) = 0.0. These energies are chosen according to Table II-1,
for reasons which will soon become evident.
Events which deposit more than 0.54 MeV in that detector will fire

the low level discriminator. Thus, in this case

. 102
£a = 10°.

However, when one adds the energy requirements for a genuine proton
event which does not require any other interaction with any of the other
detectors (6.0 % Ep £ 9.3 MeV), and therefore must lose 2.78 - 6.95 MeV

in that 1lst detector,

since Pg(e) approaches 0.

Thus we see that electrons with Eg » 4 MeV will not confribute back-
ground counts in the first 2 channels of the high energy range spectro-
meter. It should further be noted that the expected counting rate of

4 MeV electrons is X 3.3 x 102

el/sec, and should not produce any pile-
up problem in the detector. The electronic shaping time-constants are
such as to allow for total counting rates m105 cts/sec.

The probabilities, Pg(e), increase as an electron penetrates the
stack of detectors due to the decreasing energy loss of the particle
as well as the increasing thicknesses of the detectors. However, the
additional constraints in the form of coincidence requirements between
coherent events and the energy deposition requirements will further re-

duce the total Pg(e) for a particular energy channel. For example in

the 9.15 - 12.7 MeV range we require that a proton should deposit
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3.12 - 6.95 MeV and 1.0 - 7.8 MeV in the 1lst and 2nd detectors, respec-
tively. The probability that a 4 MeV electron will d: ‘8t that is

<< 1.4 x 10'6, since g)5 = 1.0 (Eq. 3), but this probabiiity calcula-
tion does nat take into account the low probability that the electron
will scatter after the 2nd detector in such a way not to be detected by
the remaining 3rd~5th detectors. Also, one should note that the 2nd term
in Equation (3) can be neglected because g2] is less than 1% for E >4 MeV.

In the energy range 12.7 -~ 100 MeV, where triple coincidence is re-
quired, the probability of a 4 MeV electron producing the required coin-
cidences and deposit E { 1 MeV vary from Pg(e) = 2.0 x 1077 to Pp(e) =
6.25 x 1074, Again the added well-defined energy deposition require-
ments further reduce these probabilities by order-of-magnitudes.

Thus, we see from these calculations that the background in the
instrument due to electrons with Ee X 4 MeV entering through the front
aperture will be of no concern in the data analysis. .

We have not attempted to calculate the background counting rate due
to electrons with Ee < 4 MeV, which are deflected by the magnet, and which
after multiple scattering will find their way into the detectors. Since
multiple-scattering is required, this is second or higher-order process
which, when coupled to the small solid angle subtended by the detector
stack, will result in a negligible contribution to the total counting
rate.

Next, we calculate the background due to high energy particles which
penetrate the shieldings, leading to f.

Electrons will not be able to penetrate the massive passive shielding

(1.33 cm brass and 1,20 cm lead thicknesses), and to directly interact
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with the detectors, i.e. Pg(e) = 0. However these high energy electrons
will produce a bremsstrahlung spectrum in this same brass shielding.
This source of background will be treated below.

Protons penetrating through the shield, perpendicularly (or nearly)
to the length of the cylinder made up of the detector stack, will be
anti-coincidenced by the live shielding, i.e. the ring concentric to each
g detector. Thus, again Pg(p) = O.

ii Only high energy protons which are incident on the shielding
material at an appropriate angle will, after losing energy in that

- shielding, interact with the detectors.

First, we calculate the counting rate in the first detector alone.
We can think of this counting rate being produced by the flux of high
energy protons which lose all their energies‘in the shield minus A7 MeV.
In that case they will be stopped in the 1lst detector as would 6 - 9.15 MeV

protons entering through the fromnt aperture. We estimate that
- 2
ABQB * T cm -ster

Using

8 x 103 p/cmz-sec

1’

JB (135 MeV, =, p)

[

J (6 MeV, », p) 3.0 x 105 p/cmz-sec

since Afl = 0.12 cm2-ster, we obtain

. £.(p) = 0.70 Py(p)

and since Pg(p) = 1, then
f.(p) = 0.70 Py(p)
However our assumption that all of the high energy protons pene-

trating the outer shield lose precisely all of their energy minus the
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energy required to trigger the first detector alone is rather unrealistic.
Rather we start with a proton spectrum, incident on the shield at a wide
range of angles, thus resulting in a continuum spectrum of protons strking
the detectors. Thus this calculated fq(p) is a "worst case" upper limit.
Furthermore at other L > 1.5 values, the proton energy spectrum becomes

softer very fast. For example, at L = 2,0, and at the equator,

Jg (135 MeV, =, p) = 1.4 x 102 p/cmz-sec

J (6 MeV, =, p) 1.0 x 106 p/cmz-sec

and

Fe(p) = & x 107> Py(p) = 4 x 1073,

Similar calculations for the energy range 9.15-12.7 MeV can be
carried out. If we first look at the count rate in the low level discrim-

inator produced by the penetrating protons with E_ > 135 MeV, we obtain,

P

using Agl})g = 7 cmz-ster, and

8 x 103 p/cmz-sec

n

Jg (135 MeV, =, p)

2 x 103 p/cmz-sec

[

J (10 MeV, «, p)

[N

£c(p) = 1.0 Pg(p)

and since Pg(p) = 1,

1.0.

R’

f.(p)

Again, our assumption is that all of the penetrating protons, will
lose enough energy in the shield such as to have the precise energy

remaining to trigger the one-shot in the first and second detectors. If
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one adds the energy requirements in the first two detectors, one sees
that most likely f.(p) will be reduced by several order-of-magnitudes.

We thus expect that the penetrating high energy protons will not be
a problem even at low L values where the fluxes are most intense.

Finally, let us examine the detector background due to bremsstrah-
lung resulting from the interaction of the high energy electrons with the
S/C and the shielding material of the telescope. We will neglect the
bremsstrahlung produced in the S/C (Z = 14), and instead assume that all
of the electrons strike the brass shielding (Z = 29).

Using the "Tiger" code developed at the Oak Ridge National Observa-
tory, and the electron spectrum shown in Figure II-6, we have calculated
the resulting transmitted bremsstrahlung energy spectrum and angular
distribution. Figure II-7 shows the resulting y-ray spectrum up to 1 MeV.
The minimum energy a photon should have in order to trigger the one-shot
is 1 MeV (except for the lst detector where 0.54 MeV is needed). The

calculations show that

(1]

Jg (1MeV, w, V) = (3.3 x 107> ¥/e) (3 x 10° e/cm’-sec)

R

1.0 x 102 Y/cmz-sec.
Furthermore,
2
J (6 MeV, =, p) = 3.5 p/cm -sec.

We estimate the effective area for interaction of the electrons with the

shielding at 75 cmz,

Jg (1 Mev, =, Y) * 2.36 x 106 Y/sec.
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The ApQy = ﬂz cuz-stcr. Therefore,
£,(Y) = 5.52 x 10° Pg(Y)

Given that the photoelectric (u/p) for silicon at 1 MeV is 0.002 cmz/gr,
we can calculate Pg(Y). The average thickness of the 1lst detector is

A0.52 cm. Thus

Pg(Y) = (1 - exp(~0.002 x 2.33 x 0.52))

- 2.3 x 10~3

and

£,() = 1.29 x 107

This number is very large indeed, but the underlying assumptions made in
the calculations are too simpleminded. First we should take into account

the angular distribution of the Y-rays. Most of the intensity comes out

- in a cone of % angle * 20°. Thus Jp would be reduced to “6.3 x 103 Y/sec,
3

% and the geometrical factor becomes 0.45 7 cml-ster. Since Pg(Y) will not
h change appreciably we have

This number is still quite high and would still exclude a measurement
in the lst detector alone. We must consider now the energy requirements
set for the measurement of 6-9 MeV protons. The energy threshold equals

2.8 MeV. Thus .
Jg (2.8 Mev, =, Y) = 30 Y/cmz-sec

or

Jg (2.8 MeV, w, Y) = 1.9 x 103 Y/sec

T

GCEN
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The (u/p) at 2.8 MeV should be v 1/10 the value at 1 MeV, or 2.0 x 10-4.

Thus Pg(Y) = 3.0 x 10™* and
fp(¥) = 1.9.

This number is still too large for a proper measurement to be performed in
the 6-9 MeV range. However, we have further neglected the scattering of
Y-rays into the other detector(s), which would result in the event in the
lst detector to be anti-coincidenced. Also the efficiency of the anti-
coincidence ring surrounding each detector has not been considered. Thus
we would expect the calculated fp(Y) to be reduced appreciably, may be
by one or two orders of magnitude.

Thus, from the above estimates, we can conclude that there should
be no background problems in the proposed instrument. However definite

conclusions must await final instrument testing at accelerators.

3.3 Background Estimates for the Low Energy Range Head Assembly

We now consider in a similar approach the background expected in
the head assembly measuring the proton spectrum in the 1-9 MeV energy
range.

First, consider the electrons which penetrate the front aperture.

Jg (5 MeV, =, e) 2.0 x 103 el/cmz-sec

r

1’

J (1 MeV, «, p) = 3.0 x 106 p/cmz-sec.

Eo is chosen as 5 MeV since all of the electrons with lower energies will

be swept away from the exit aperture. Thus

fae) = 0.6 x 1073 Pp(e)
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Since Pg(e) is very small (<<10'3),
fa(e) = 0.

The background due to penetrating protons is now being considered.
high energy proton (Ep > 135 MeV). If we make the simple-minded assump-
tion that all these protons lose all of their energy in the passive

shield minus 1 - 1.2 MeV needed to trigger the lst detector, we have

1

Jg (135 MeV, «, p) 8 x 103 p/cmz—sec

5 x 105 p/cmz-sec

14

J (1 MeV, », p)

Since AgQg = 0.47 cmz-ster and AQ = 1.2 x 10-2, we have

£.(p) = 1.7 Py(p).

The above assumption that each penetrating proton loses all of its energy

minus the 1 - 1.2 MeV neceded for the lst detector, is obviously quite un-

realistic. We would expect that the actual penetrating proton flux which
., fulfill these assumptions to be several order-of-magnitudes smaller.

Concerning the measurement at higher energies which require

coherent events in 2 or 3 detectors, let us consider a high energy

proton which would penetrate through the shielding material (collimator,

magnet, etc.) and having (6-9 MeV) remaining energy, would trigger the

lst and las% detectors. Agflg for that case = 5 x 1072

8 x 10° p/cmz—sec

[H

JB (135 Mev, 0, p)

3 x 105 p/cmz-sec

n

J (6 MeV, o, p)

and

fc(p) = 0.11 Pg(p).
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Again since a small fraction of the protons with <Ep> > 135 MeV
will have just 6 - 10 MeV left after passage through the outer shield of
the spectrometer, we expect f.(p) to be several order-of-magnitudes less
than that calculated above.

Finally we consider the bremsstrahlung background induced counts.
The lower energy threshold in each detector is 0.25 MeV. From our

calculations with the "Tiger" computer program, we get:

Jg (0.25 MeV, ” MeV, Y) = (4 x 10—3 Y/e)(lO7 e/cmz-sec)

4 x 104 Y/cmz-sec

or JB (0.25 MeV, 2 MeV, Y) 5 x 106 Y/sec

and J (1 MeV, =, p) = 3 x 106 p/cmz—sec

[

Since AAQA > ,357

fb(Y) ~ 154 PB(Y)

Pg(Y) = (1 - exp(-0.04 x 2.33 x .6) = 5.4 x 107>

and

fb(Y) = 8.3
When the energy requirements are imposed on the lst detector (1-1.2 MeV)

Jy (1Mev, 0.2 MeV, Y) = (2.7 x 107° ¥/e)(3 x 10° e/em?-sec) > 810

or

Jg(total) = 1 x 10° Y/sec

£,(Y) ~ 3.1 Pg(Y)
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And since

3

Pp(Y) = (1 - exp(-0.002 x 2.33 x .6)) = 2.8 x 10~

we have

fp(Y) = 9 x 1073

The above calculations show that no background problem should exist in
the measurements of protons in the 1-9 MeV range. Again we should await

for the testing of the actual detector using particle accelerators to

fully appreciate the efficiency of the design as far as background is

concerned.
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4.0 CALIBRATION

Preliminary alignment and calibration of this proton spectrometer
involves setting amplifier gains, discriminator thresholds, and voltage
dividers defining the lower and upper level of the different energy
channels.

Complete final calibration of this spectrometer involves

a) measurement of the geometrical factor;

b) calibration of the energy scale, i.e., determining upper
lower energy limits for each channel and the "sharpness" of each;

¢) calibration of the counting logic;

d) calibration of the voltage monitor circuits;

e) determination of the electron energy cut-off by the magnet;

f) investigation of the susceptibility of the spectrometer to
penetrating high energy protons.

g) investigation of the susceptibility of the spectrometer to
bremsstrahlung.

For the preliminary alignment, we will use an Amzl‘1 source which
emits 5.5 MeV a. For the low energy range we will trim the different
gains of the preamplifiers and amplifiers so as to yigld "2.75 volts
for the 5.5 MeV, a-particle energy, or 0.5 MeV/volt. The 8-channel
voltage dividers can then all be set to define very nearly the upper
level energy values desired, by linear interpolation. This interpola-

- tion can actually be verified using a pulser whose rise and fall times
have been adjusted to match the pulse shape at the preamp output
resulting from the Am241 o-particle interaction with the detector.

The same procedure will be followed for the high energy range, with
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the output of the amplifiers set to v 20 MeV/volt.
Two proton accelerators will be required for the calibration of this

instrument. In the 1-10 MeV energy range, a Van de Graaf accelerator

will be used. In the 10-100 MeV energy range, we will use an acceler-
ator such as the Harvard synchro-cyclotron. The geometrical factor
can best be determined at high energy from the plots of count rate
versus angle with respect to a unidirectional beam covering the whole
area of the entrance aperture. A scattering foil will be required to
reduce the beam intensity sufficiently to prevent saturation. The
unscattered beam current will be monitored for normalization of data.
For the low and high energy range no vacuum is needed. The instrument
heads can be placed on a goniometer in air, since a beam of "8 MeV and
V100 MeV can be used.,

The usual technique of calibrated absorbers in the beam to degrade
the energy of the particles extracted from the accelerators will be
used to calibrate the energy scale. Fine control on the energy of the
particles penetrating the absorbers will be achieved by rotating ome
absorber through known angles. Calibration accuracy thus depends upon
the accuracy of range energy tables, such as the Lawrence Radiation
Laboratory Tables which are good to a few percent, Calibration data
obtained directly will thus be the count rate in each channel as a
function of interposed absorber thicknesses ( in g/cmz). With a known
incident energy, the residual enerzy (the energy incident upon the
detectors) can thus be calculated accurately.

To determine the eiectron energy cut-off of the sweeping magnets, we

will use an electron accelerator such as the LINAC at AFGL. The electron
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beam, at an energy above the expected energy cut-off will be made to impinge
on the aperture, and the counting rate in the instrument will be monitored.
Known thicknesses of absorber will be placed in front of the instrument
aperture in order to degrade the electron beam until no counts are recorded
in the instrument thus determining the energy cut-off. The beam will be
constantly monitored to normalize the count rates in the detectors.

The susceptibility of the spectrometer to penetrating high energy
protons will be carefully investigated using high energy accelerators. The
minimum energy need is V135 MeV, which is the expected cut-off of the pas-
sive shielding. Higher energies will be needed, up to 200 MeV if possible.
The instrument will be placed, in air, on a goniometer and the counting
rates due to penetrating high energy protons recorded as a function of
angle for a given energy. The energy spanned should be from slightly
below the expected energy cut-off at V135 MeV to 200-300 MeV.

High energy electrons (1-6 MeV) are not expected to penetrate the
the passive shielding but the bremsstrahlung they produce should also be
carefully investigated. We will use the electron beam of the LINAC, at
3, 4 or 5 MeV, to bombard the spectrometer head outside the aperture.

The head assembly will be mounted in air, on a goniometer, and the
susceptibility of the detectors to Y-rays will be investigated as a
function of angle and energy.

Both, in the cases of the penetrating high energy protons and elec-
tron bremsstrahlung, the efficiency of the silicon rings, the live anti-
coincidence shell surrounding each detector, will be ascertained by
switching on and off the anti-coincidence circuitry. This test should
be performed also at different angles of incidence of the beam, and

different energies.
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III. SOLID STATE NUCLEAR TRACK DETECTORS

1.0 EXPERIMENTS AT BROOKHAVEN NATIONAL LABORATORY

A new polymer track detector based on monomer ALLYL DIGLYCOL
CARBONATE, which goes by the commercial name of CR-39, has been developed
to measure the comnosition, flux and energy spectra of trapped particle,
using Long Duration Exposure Facility of NASA.

In recent years solid state nuclear track detectors have found
widespread applications. Track etching technique has been successfully
employed in many insulating materials for detection and identification
of charged particles, e.g. in the study of heavy primary cosmic rays,
the search for super heavy elements and exotic particles, recording of
fission fragments and innumerable applications in radiation dosimetry.
Early in the past decade cellulose nitrate was recognized as the most
sensitive of all track detectors and so has been used as a detector to
record protons. However, cellulose nitrate suffers from being inhomo-
geneous and anisotropic with regard to its physical characteristics.
These defects reveal themselves in non-geometrical track profiles, dif-
ferences in sensitivity in a given sheet, and varying bulk etch rate.

CR-39 is a very useful addition to the range of plastic track
detectors that are available for studies relating to primary cosmic
rays, radiation dosimetry and other applications. The thermoset
plastic sheet cast from CR-39 monomer has been found to have a unique
sensitivity and resolution in recording of nuclear particles. This
material was found to have a lower detection threshold (Z/B = 7) than
ceillulose nitrate (Z/B = 30) and a smaller variation of response (=1%)
to particles of a given ionization rate than Lexan polycarbonate
(=3-8%). CR-39 is an ideal detector for this experiment because very
low energy protons are registered. The track etching rate is only
slightly greater than bulk etch rate for protons, and hence normally
incident protons are registered.

The samples of CR~39 which we have used for experiments at
Brookhaven Laboratory were obtained from Polytech Inc., Owensville,
Missouri. The sheets (1500 ium thick) were cast from monomer allyl
diglycol carbonate manufactured by Pittsburgh Plate Glass Co.

Samples cof size (2.5 x 2.5) cm? were exposed to a beam of protons

from the van de Graff generator at Brookhaven National Laboratory.
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The beam was tuned to four different energies, viz., 1.5 MeV, 2,2 MeV,
3.2 MeV and 4.3 MeV, The corresponding fluences were: 2.8 x 10°
particles/cmz, 0.44 x 106 particles/cmz, 0.67 x 109 particles/cm2 and
0.91 x 108 particles/cmz. All irradiations were carried out in such a
manner their particles are nearly normally incident to the surface of
the plastic sheet,

After irradiation the samples were etched in a solution of
6.25 N sodium hydroxide solution at 50°C in four different batches for
7 h, 17 h, 30 h and 48 h. After etching, measurements were made on
track profiles due to protons using a KORISTKA R4 microscope. In
Figure III-1 are shown the distribution of track diameters for protons from
samples etched for 30 h for all incident energies. The distribution
clearly show an excellent energy resolution for protons of different
energies. Figure 11I-2 shows etch pit diameter as a function of proton
energy. The samples etched for 48 h show a maximum slope, thereby
indicating a better resolution. In earlier investigations it has been
recognized that measurements of track diameter as a function of the
amount of bulk material removed can be used for identification of
nuclear particles., This method is applicable for particle tracks
which lie in the region of detection limit such as protons where the
track diameter is a more sensitive function of ionization rate than
track length. In principle the method should work for particles inci-
dent at arbitrary angles on a solid surface, but in practice it is much
simpler if the detector can be positioned such that particles are
nearly normally incident. The amount of bulk material removed is
defined as

t
h=/f Vgdt
0

where Vg is the bulk etch rate. In order to determine the value of
Vg for CR-39, small areas of detectors were irradiated in vacuum with
fission fragments from 252¢cf gsource and then etched for a definite

period of time. The bulk etch rate is given by

Vg = D/2¢t
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where D is the diameter of fission fragment tracks and t is the etch time
and finally h is given by Vgt. Figure III-3 shows etch pit diameters
as a function of amount of bulk material removed from one surface for
various etch times and for all incident energies., We developed a
computer code to describe the diameter evolution of proton tracks as
a function of amount of bulk material removed. The theoretical curves
in Figure III-3 were obtained using this computer code.

From these irradiations at Brookhaven National Laboratory, we con-
clude that, a) CR-39 track detector registers protons up to 4.3 MeV,
b) the detection efficiency at these energies is close to 100%, c) the
diameter distributions clearly show an excellent energy resolution for
protons of different energies and, d) the etch pit diameter as a func-
tion of amount of bulk material removed from one surface for various

etch times and for all incident energies was obtained.
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2.0 EXPERIMENTS AT NASA-LEWIS RESEARCH CENTER

The sheets of CR-39 which we have used in this investigation were
obtained from PERSHORE MOULDINGS, Ltd., England. We have for the first
time employed this detector for the detection of 6-MeV and 10-MeV
protons, 70 MeV 3He ions, and 52-MeV “He 1ons and have obtained a
smooth variation of normalized track etching rate as a function of
residual range, Our results also indicate that CR-39 will register
perpendicularly-incident particles with a value of Z/B as low as 7.

The irradiation arrangement at the NASA-Lewis Research Center's
Cyclotron is shown schematically in Figure I1I-4. This drawing shows the
pertinent part of the beam line where bending and focusing magnets are
adjusted to produce a 10 mm beam spot upon a 2.5 uym tantalum foil.

This foil is centered in a 0.1 m diameter beam duct at a position im-
mediately in front of 6 m shielding wall. Small angle scattering in
the foil produces a uniform flux distribution over a 75 mm diameter
circle located at the far side of the shield wall. A measurement of
the induced radioactivity at this position showed that the particle
flux varies less than *5%. The inset in Figure I1I-4 shows the 75 mm
diameter end plate onto which the CR-39 sheets were affixed with
double-face adhesive tape. A gold surface barrier detector was mounted
to a BNC feed-trough connector. The detector was used to monitor the
number of particles passing through the 3 mm diameter tantalum colli-
mator located immediately in front of the detector. Because of the
uniformity of the particle distribution, the total number of detector
pulses in an firradiation was used to determine the particle fluence of
the CR-39 sheet.

After mounting the CR-39 sheets, the end plate was held against
the "0" ring at the end of the beam duct and the roughing value V
opened to remove most of the air. The atmospheric pressure holds the
end plate in position and the gate valve was opened to place the sheets
in the high vacuum of the beam duct. Following the above procedure,
three stacks of CR-39 sheets were exposed to 6 and 10-MeV protons,
70-MeV 3He ions and 54-MeV %He ions. For proton and bpe irradiations,
sheets of thin CR-39 (each 100 ym thick) were used, while for 34e
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exposure sheets of thick CR-39 (each 500 um thick) were emplovead. 1In
i all these irradiations the beam was normally incident to the surface
b

of the detector.

The stacks exposed to protons, 3e ions and “He ions were etched
for 74, 49.5 and 47 h respectively in a solution of 6.25 N sodium hy-
droxide solution at 50°C. Precision measurements were made on the
surface diameter of tracks due to protons, 3He 1ons and %He ions in all
sheets. The measurements were made with a Koristka R4 microscope
using a X80 Zeiss dry objective and X10 widefield American optical eye-
piece. It should be pointed out that no attempt was made to follow
individual tracks into various sheets. Rather, a large sample of
tracks was measured on each surface of the detector and the mean

diameter was computed. The track etching rate was estimated using the

relation:
Xl.iﬂ”_rf

where Vp is the track etching rate, V8 is the bulk etching rate, r is
the surface radius, and h (= Vgt) is the amount of bulk material re-
moved from one surface during an etching time t. The particle's resi-
dual range is determined by adding the thickness of each sheet from

the stopping point to the top of the stack taking into account the sur-
face layer removed during etching. The residual ranges of 10-MeV
protons, 70-MeV 34e and 52-MeV 4He were compared with our range-energy
tables and found to be in good agreement. For each value of track
etching rate, an appropriate value of residual range was assigned to
obtain an experimental point on an etching rate versus residual-range
curve. Figure III-5 shows the variation of normalized track etching rate
as a function of residual range. The experimental data have been

fitted with the function:

where
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J= (ziff 8-2) (K + nB2y? - B2]

The effective charge, Zegf, of an ion of atomic number Z and with a

velocity B can be expressed as

Zegs = 21 - exp(-130272/3)]

A and n are constants. Assuming K = 20, the data have been fitted with
the function. Our results suggest that the response of CR-39 to protons
can be represented as a function of V = 0.801 J°'036, while V =

0.516 J0-112 £or the 3He and %He.

In Table III-1 are presented the detection thresholds for various track
detectors. A value of Z/B = 7 for CR-39 plastic makes it an excellent
detector to study the charge composition of heavy cosmic rays over a
wide range of Z. Also, a comparison was made between track densities
due to protons, 3He ions and %He ions in CR-39 sheets and the counts
given by the silicon detector, and it was found that the registration
efficiencies were close to 100%. Figure III-6 shows the photomicrograph
of mouths of etched tracks of 6-MeV protons. In Figure III-7 are shown
photomicrographs of mouths of etched tracks of 1,5-MeV protons, 70-MeV
34e and 52-MeV %He ions.

TABLE III-1
Detection Thresholds for Various Track Detectors

Lexan Polycarbonate Cellulose Nitrate CR-39

zZ/8 60 32 7

From these irradiations at NASA-Lewis Research Center, we conclude
that a CR-39 track detector registers 10-MeV protons, 70-MeV 3He and
52-MeV 4He. The detection efficiencies for these particles in these
energy bands is close to 100%Z. CR-39 will register tracks of perpen-
dicularly-incident particles with Z/f as low as 7. Our results also
indicate that clear discrimination would be possible between isotopes
3He and “He.
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3.0 LONG DURATION EXPOSURE FACILITY (LDEF)

The Long Duration Exposure Facility of NASA will be placed in a
450-km circular, 30° inclination orbit around December 1983 by the space
shuttle and recovered approximately twelve months later. The facility
consists of a twelve-sided cylinder (Figure ITI-8) 30 feet long by 14 feet
in diameter. Each side consists of six trays of experiments and each
end has eight trays. This experiment will occupy one-sixth of a tray
on three sides and one-fourth of a tray on the earth side. Appropriate
mounting panels allow four equal boxes 12 inches square by 5 inches to
be used as shown in Figure III-9.

LDEF will be gravity gradient stabilized and carefully placed so
that total stabilization will occur through most of the twelve months.
Under these conditions the orbital exposure to trapped protons in the
south Atlantic is closely approximate to those which prevailed on Air
Force satellites during the 1960's. During this period a study of
trapped proton fluxes was carried resulting in the long-time history
of 55 MeV protons shown in Fiqure III-10, Measurements on lower energy
protons were not possible because of fixed absorber over the nuclear
emulsions used in that study. The only emulsion measurement of very
low energy proton fluxes was made on a single rocket flight, the
NERV study which showed virtually no low energy protons in the inner
radiation belt. The most reliable measurements of low energy proton
flux in this region was obtained by a four-month average of data
taken by the particle identifier instrument in 1972-73. Because of the
small solid angle area factor of this counter there were no counts at
all in the 5 to 7 MeV channel and only a few counts in the 7 to 11 MeV
channel. Only the highest energy channel shows sufficient statistics
for a good proton flux determination. Because of the large number of
high energy protons which penetrate this instrument during the flight,
it is also possible that the low energy proton counts are background -
and the true intensities are lower,

This experiment will consist of a group of CR-39 plastic track
detectors arranged to look into the trapped proton mirror planes at

various 1 values. C(R=-39 is a very suitable detector for this
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experiment because: a) protons up to 10 MeV are clearly detectable and
easy to count, b) the track etch rate is only slightly greater than
bulk etch rate for protons, so only normally incident protons are
registered, c¢) this makes CR-39 a narrow angle, large-area detector
with low background and, d) it would be possible to discriminate

protons and trapped heavy ions.

P v The stack holders for this experiment have been designed at AFGL.

All the stacks would be completed by October 1982 to mount on LDEF

trays.
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4.0 COSMIC RAY EXPOSURE 1

A study of the relative abundances and energy spectra of heavy
cosmic rays and isotopic composition in the region of Fe peak can yield
significant information concerning the origin, acceleration and inter-
stellar propagation. The relative abundances of the Fe isotopes
measured near Earth are of great astrophysical significance since iso-
topic composition of heavy cosmic ray nuclei is almost independent of
the models of propagation and acceleration and such studies would lead
to a better understanding of the nuclear processes in the source
regions. In recent years solid state nuclear track detectors have been
employed extensively to study heavy primary cosmic rays. Also it has
been demonstrated that, at present, plastic track detectors present
the best possibility of obtaining isotopic composition of heavy cosmic
rays. In addition they have necessary large geometric factors for
those heavy particles and a continuous sensitivity for the duration of
an extended exposure, In the light of this, we designed a 1 m2 passive
detector array for exposure to cosmic radiation. Included in the array
is a new type of nuclear track recording plastic, a polymer made from
the monomer allyl diglycol carbonate (commercially known as CR-39).

A determination of the cosmic ray iron flux at this time is
essential to an understanding of anomalies which have occurred in
electronic computer memory elements c¢n various satellites. Current
accelerator studies of these anomalies indicate that energetic iron
nuclei are capable of tripping microelectronic memories. Results from
this study will also be used to evaluate the background buildup in
CR-39 track detector from cosmic radiationm.

The stack was built as a set of nine modules where a module is
essentially an aluminum box with dimensions (30x30x12) cm. We adopted
three types of stack assembly for these modules; one consisting of
'pure’ CP-39, the next one, a composite assembly of CR-39 with three
lavers of 600 micron thick G5 emulsions at appropriate depth in the
stack and, the last one consisting or CR-39 and l.exan polvcarbonate

plastic. The deteccor was expoesed to the cosmic radiation aboard o

bal loon launched {rom Fielson Alr Yorce Base, Alaska on June (4, 1w
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- A squib was fired to allow a spring loaded sliding plate to shift to a
new position. This operation was successful and cosmic ray particles
which penetrated at float altitude to the main stack below can be
separated from particles which penetrated during the ascent phase.
An attempt to stabilize and orient the payload utilizing a biaxial
magnetometer combined with an electrical rotator was unsuccessful. The j
. failure to orient the payload in a stable position would prevent us
from determining the true direction of each cosmic ray particle and
trace it backwards through the Earth's magnetic field utilizing a com-
K puter tracing program. The flight duration at float altitude and
average ceiling were 3 hours 30 min and 3 g/cm2 respectively. Figure III-11

X shows the balloon payload while Figure III-12 shows the launching of the
? payload from Eielson AFB, Alaska.

i Sheets of CR-39 from one of the modules have been etched in a solu-
! tion of 6.25 N sodium hydroxide solution at 50°C for 120 hours. The

: etching was carried out in a precisely controlled bath that is stable

; to 10.0°c. optical scanning of CR-39 sheets was performed using an

. Olympus Sz-3 stereo microscope. The top twehty-five sheets have been

! scanned for stopping and relativistic cosmic ray nuclei. 1In this

: scanning 200 stopping particles and several relativistic primaries were
; detected. The relativistic nuclei passed completely through the entire
§ stack of thickness 14 gm/cm2 with no dimunition in ionization.. Figures

II1-13 and III-14 show the photomicrographs of a stopping heavy primary
and a relativistic heavy primary respectively.

Optical measurements were carried out on a sample of 77 stopping
particles. The track etching rate and residual range was computed for
each event. The track etching rate was obtained for each event from
; several measurements. Figure I1I-15(a) through III-15(c) show track

) etching rate as a function of residual range. Two features stand out very
clearly in these figures; 1) a smooth variation of track etching rate
with range is indicated for individual particles, ii) in the high etch
rate region there is no evidence of saturation of etch rate, which is
E in excellent agreement with the results of other investigations. Further-

more, the Fe peak stands out very clearly in all these figures. Work is

in progress to estimate the charge for these particles.
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AN EARLY SPACE SHUTTLE HISSION (CRL 258’A

A composite stack consisting of CR-39 and emulsions with lead
degrader will be exposed to the space on board the space shuttle. Data
on energetic particles capable of causing false signals in the "CIRRIS"
instrument will be compiled after recovery. In addition, the flux and
energy spectra of major species of the energetic particles, namely,
high energy cosmic ray nuclei, will be obtained for the space shuttle
orbit and correlated with the expected fluxes when geomagnetic cut-
offs are included. The package will be mounted with the upper face
exposed to free space when the space shuttle "bay doors" are opened.

For this experiment, the stack holder is essentially a cylindrical
alumninum box with 13.5" inner diameter. Figure III-16 shows the container
for CR-39 track detector for this experiment., The fabrication of the
container was carried out by AFGL. All the details regarding out-
gassing properties and self-ignition temperature pertaining to CR-39
were obtained from Pittsburgh Plate Glass Co. Similar data for nuclear
emulsions was supplied by Dr. R. Silberberg of Naval Research Labora-
tories, Washington, D.C. However, the outgassing from nuclear emul-
sions (mostly water vapor) is far above the acceptable limits and
hence it was decided t. use only CR-39 with lead degrader as flight
material. Figure 1II-16 shows the stack configuration for CIRRIS experi=-
ment.' The container was filled with the flight material and then
tested for structural integrity. Tests on vacuum and random vibration
test on the container was carried out at AFGL. The final stack

assembly for this experiment was compiated during the third week of
December 1981. The stack consists of CR-39 track detector with

lead as degrader as flight material. The final stack configuration is
given in Table I1I-2. The container was delivered to AFGL in December
1981.
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TABLE III-2
Stack Configuration for CIRRIS Experiment (CRL 258)
TOP
* Number of Sheets Material
17 CR-39
. 1 LEAD
20 CR-39
1 LEAD
20 . CR-39
1l LEAD
20 CR-39
1l LEAD
20 CR-39
1 LEAD
20 CR-39 - .
1l LEAD
20 CR-39
1 LEAD
20 CR-39
1 LEAD
20 CR-39
1 LEAD
40 CR-39
BOTTOM
-
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6.0 COSMIC RAY EXPOSURE II (SKY ANCHOR XIIT)

A balloon-borne experiment consisting of two square feet detector
array with CR-39 track detector has been designed in order to obtain
charge and energy spectra of high energy heavy primary cosmic rays.
The detector was exposed to cosmic radiation aboard a balloon, Sky
Anchor XIII Flight, launched from Greenville, N.C. in September 1981. .
The flight duration at float altitude and average ceiling were 43
hours and 5.8 g/cmz. The package was recovered within a few hours

after termination and all materials were in perfect condition. ¥Figure -
111I-17 shows the time-altitude history of Sky Anchor XIII Flight,
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7.0 HEAVY ION EXPERIMENTS AT BEVALAC

To calibrate CR-39 plastic track detectors, we exposed several
stacks to beams of 210 MeV/N 48Ca ions and 300 MeV/N 20Ne ions. Beam
dip angles of 45°, 60° and 90° were used for these stacks and a beam
intensity (defocused) of about 102 cn? vas employed. One of the
stacks exposed to 210 MeV/N 48cy was etched. A sample of 100 particles
were measured for track etching rate and residual range. Our results
suggest that the response of CR-39 to 210 MeV/N 48ca 1ons can be repre-
sented as a function :

Figure I11-18 shows the etching rate as a function of residual range for
these ions.

A stack exposed to 300 MeV/N 20Ne fons was etched. A sample of
40 events were measured. The results from these experiments will be

communicated for publication soon.
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8.0 MEASUREMENTS OF BULK ETCH RATE (Vg)

A knowledge of bulk etch rates at different temperatures for solid
state track detectors is of considerable importance. Duyring the
etching of particle tracks to full extent by chemical etchants, a por-
tion of the track near the surface is dissolved out by the etchant,
necessitating a correction to the measured residual range, the magni-
tude of which depends on the bulk etch rate.

Bulk etch rate, although apparently simple to measure, is diffi-
cult to obtain with any great accuracy. The conventional method of
measuring the bulk etch rate is simple to measure the thickness of a
sheet of a plastic before and after etching, the difference being
twice Vg. The thickness measurements may be made either by an optical
microscope or by using a dial gauge. A thickness measuring device
such as dial gauge is convenient for this purpose, but one must make
sure that the same position of plastic sheet is always measured.

Another simple method of estimating Vg is to use the mass loss
during etch. The change in weight with etching of a piece of plastic,
together with density and the area of the piece, give a value of the
etch rate. The main disadvantage of this method is the following.
Surface charge on plastic film is very common and hence great care
must be taken to obtain an accurate weight for the sample. The plastics
may have absorbed some water during etching (this is very pronounced in
the case of CR-39) and this introduces considerable uncertainty in ob-
taining an accurate weight for the sample.

The bulk etch rate can be determined from the mouth opening of
tracks. In such case, the cone angle of the etch pit whose mouth
opening is to be measured must be nearly zero. An illustration of this,
consider a track at normal incidence (84ip, = 90°). The diameter (D) of
the etch pit at the surface is given by

D= (VT - Vs)tan a2

vhere sin af2 = Vg/vT- T is the etch time, Vp is the etching rate and a
is the cone angle of the etch pit. In the limit of zeroc cone angle, the
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digmeter is given by

Lim D= ZVST
a-+0

3 or Vg = D/2T

. In our investigations this method is being used to determine bulk etch
i rate for CR-39 plastic detectors. Small areas of detectors were irradi-
; ated in vacuum with fission fragments for a 252cf gource and then
> etched for a definite period of time. The bulk etching rate is deter-

mined from the above relation. Figure III-19 ghows V8 as a function of
temperature. The Vg for CR-39 increases very rapidly above 60°C and
' thus it is very important that the etching temperature should be main-
3 tained very accurately to avoid lirge fluctuation in bulk etching
e rate. Figure 11I-20 shows track diameter as a function of etch time. The
: track diameter varies linearly with etch time which implies a uniform
; sensitivity of CR-39. Figure ITI-21 shows a photomicrograph of fission
framents and alpha particle tracks in CR-39 from a 252cf gource.
The bulk etching process can be discussed in terms of the theory
; of activated complexes for chemical reactions. The reactants and
b products in the etching process are separated by a potential barrier,
a state defined as the activated complex. A dynamic equilibrium
exists whereby reactants pass over the barrier at a fixed rate to the
final state, namely the products. The rate of passing through the
; activated complex state is analogous to the bulk etching rate of the
material in the etchant. The rate is proportional to the change in
free energy between the initial and final state for this reaction.
: Thus, the bulk etch rate (Vg) is given by

;E vs - VO e—Af/kT

vwhere Vo is a constant, Af is the change in the free energy per mole-
cule between the final and initial states, k is Boltzmann's constant,
; and T is the temperature (°K). The logarithm of both sides ylelds

fa Vg = fn Vo - AF/KT
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This is the well-known Arrhenius law that represents many chemical
reactions. Plotting in Vg versus 1/T yields a straight line whose
slope is -Af/k. Figure I1II-22 ghows the Arrhenius plot and our results

are compared with the results of other investigators.

92 . !

. e e e e e e .
e e N e T e .._._._...‘..A_,.I
e q“ -5 ‘A e 8 ) l' AT L 2oal Araa'.atata' a'a"a’

R N SRR, BT
ST W w\~':‘}.. VS,




Rr—— -
T o T N S ARV N TR T T T T TaTa® et e Taba R aremp su da s s r e

9.0 RANGE ENERGY PARAMETERS

A computer program has been developed for heavy ion range-energy
in CR-39 track detector. A number of parameters that are of interest
in the analysis of heavy ion tracks in the detector have been computed.
The parameters are: residual range (R), velocity (B = V/c), kinetic
enexrgy per nucleon (E/nucleon), effective charge (Zeff) and energy loss
(dE/dx). The computation has been performed for isotopes of interest
is cosmic ray work with charges in the region 2 < Z £ 30 and for the
residual range, R £ 30 cm. The residual ranges of 6-MeV protons,
10-MeV protons, 70-MeV 3He, 52-MeV “He, 300 MeV/N 20Ne and 210 MeV/N
48cq were compared with these range-energy tables and found to be in
good agreement.
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10.0 TECHNICAL DEVELOPMENTS

Three precisely controlled etch baths (12 liters, 28 liters a~ad
220 liters) have been built that are stable to 10.01°C/day. The etchant
is contained in a plastic tank which is surrounded by 2 cm of poly-
urethane foam and an outer tank made by plywood. A stainless steel
stirrer, driven by a small motor is used to stir the etchant continu-
ously. The etchant is heated from outside the plastic tank (instead
of quartz immersion heater) by employing two 50 W heating mats made of
flexible silicone rubber. The resistance wire in the mat is made by
spiralling fine nickel alloy wire around a glass string. The etchant
is maintained at a set-point temperature by means of a thermoregulator
(Forma Scientific Co.). For temperature control, the thermoregulator
i8 combined with a Versa Therm Electronic Temperature Control Relay
(Cole-Parmer). The solid state relay has a transistorized voltage
amplifier; its response time is in milliseconds. Heating or cooling
procedures and temperature maintenance can be controlled reliably and
consistently to remarkable fine tolerances by this system. Figure III-23
shows a 220 liters precision etching system.

94

'™ \df




I00F ZIN=133 4.3 MeV
50°C
30H

50}

— L|_ —

100}

IN=191 3.2 MeV
50°C
30H

50}

y 2.2 MeV
L I . e

I00F EIN=(74 o
30 H

50}

| 1.5 MeV

IN=182 50°C

100} : 30H

50.

el 2 ) ey 4 Hl

4 6 8 10 12
D{(um)

Figure III-}

95

....................
.............

Oeaarn a4 W A ANEIMLAUIPNLISICIA A Hadl Sl S P




20} (48)

D(pm)

10 (30)

(17

] o
H

E(MeV)

;s

Figure III-2

ity mL e
= .
SO IO PRI LI I P S I : DG

PR, S L A AN LA R R S A s S T e PRI R L . R

R T ML e il e ittt a e vt e S LTS U A YOI SRR SROTIY AR e N

Tl TSI FI N N B s 0




I r e R SIS T T

R M e LA O TR TN N T LR AV A N e Y AT TR T

g e

e

AV g W 3.4

1.5 MeV
2.2 MeV
3.2 MeV
4.3 MeV

Vo! (pam)

Figure III-3

201
o] o

D(um)

97

- D P T O R T AR T R N AL Y
T e T A T e s e T e T T T e T e e e e e e e e e T L S ST e
PRI B - St T e L e S e T W e T . A N R A i ey
TS R ORI S SR P Y bomide . sk e e e oian PR IR YL AT S PR Wit WA Wil VU0 AT YR WA D W T Sev ¥ Lo S




< - ”‘j‘;z" % A

AR Y .~‘.$

t VACUUM

SCALE
—dbd
0 102030 mm

2 et S

/,/CR-39

BNC
FEEDTHROUGH

N __n__.suucou

-DETECTOR

COLLIMATOR

H VALVE

LrE i

v,
)

TR
LA A

g ok LAY " A T A AT e aul vatl Sl i bt Py o i i Tty i e SRR Do g Jirn JENEL -l o R y

A ' -
] HORIZONTAL

X 4/]( BENDING MAGNETS

X ~515¥“-£3__

-, CYCLOTRON

3 come

) CYCLOTRON—

S AN AN S S S NN NS S NSNS [\

222l TI> 3 PV T IIIFTTL

LEWIS RESEARCH CENTER CYCLOTRON

Figure III-4

...................................
............

.......
.........
...........




3 S-III 2an31d

: (wr)y 2y
‘ oose 000¢ 0052 0002 00SI 000! 00S B
¥ ) 1] ] |

00

80l

R A BN B SNE I el AR e

2l ”...H#
8z'l
2 d A3\ Ol oc 1
3 ¢%H ASWOL O 4

y?H AN 26 v Jogt

Ta

LR

MoV oI sla Bt L 8. €% . » -t d

FALT IS SR ARIAINNE LN VAR Y N I e st A ENS S 8% A . Sas




SN A T AT TN

<

AT

S

-
Rl

Figure III-6

e e oy .
PRPLIRIAI VS o SN

100

.
P




[ J
... .u.‘b‘.’ﬁ ‘..g .‘.

i e S At S vt Sune e SUNE it oS ir-uBi et i
N, wiran i oo san e eeecai nierRiu it sl U S SR AR S A N R .

......

‘..:'.‘ o ¢eVe ;~'”‘

1'5 MeV Protons

........

70 MeV 3He

52 MeV “He




102

Figure 111-8




g P—

PEREIUUERTRNCIES oot SR DI

v . :
N o VTR INIE

ade

PSRN ..o (RN Y]

t

103

LSO Y S




R R R e A s N N L W ¥ e N v m sl e e

erm~r——r—r—r—rr T T T T T T T T T

E = 55 MeV
h=440 km

PROTONS / m2 sec MeV

Ozlllllljllllljllll

|
1961 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78
TIME (year)

g .
PRARONEMY % 9y n Al A ey

Sl i e

Figure III-10

104

M SEIAI I VI UL ST WOy SO -~




TR TAE T LTS S»

TIT-111 2an8yy

105




ZI-111 2an8¢4

A L

R I L

106
i

WS VEVSRAICY O Gl S 0 Wi Gl PO A0 T irY Ul LRI il Wy




-V e o

-

ol o Y

T W L

Figure III-.13

107

-
3
el
;3




-

SN WLy, e

e Ve O VL s we S A0 Bk

74

Sheet No.

52

32

1

Figure III-14

108




et o e S s e - S D St ot u ian VI N VIS Mg N i g L e m e e AT a T T e e TR e

RN I N B KT A3 PR A KT W TR Y

b
> .
[ 2
~4 AFGL BALLOON FLIGHT (UNE 79) -D
©d
o POLYTEX CR-39 (1.5 MM SHEETS)
-
i n
.
L .
; "
b‘
¢
"L‘ N
.E z 2S $0-6
.2-4 x 24 50-7
:: x 23 51~}
Q] a
~1 L ) x 22 SI-4
Y E" - ° - 21 $3-t
T W . .
X 3 * % + 20 $3-3
; E o . ° « 19 53-9
w | . = ° £° o 18  S4-3
= . * e o 17 S48
*
.5“‘ -~ « ® ° 16 $4-7
w "u x . '9.. x 15 Sa-()
L]
4 x 14 72-4
Te . 13 73-
- o, o, x : 1
—] Y . - % ] . 12 73-3
L4
: * ady o * X « 11 69-3
* x
~d LI )‘\ ‘- -% ° - 10 69-2
z
®J * - th;- ;’;“B‘_;’ » a 9 75-5
>
" 0‘ e . . * - 8 75-3
H - ¢ L « 7 75-2
! s 8 r4-3
3 -
' [ S 68-3
: J [ 4 59-2
.
3 69-8
[} 2 T4-2
2 i 67-7
1° T T
10! 2 IR IR AY 2 3 « § 6 7 8940 3 « 5 6 7 8a\o
RESIDUAL RANGE (MICRONS!
Figure I1I-15(a)
/
109
;:;'.-_:,: -":‘!.:;f:':‘. "-‘--':- ;. L e ;L_.AJ PSP S T | s - PO US




R N R R IR I e P R A B P R S el Sroe R Jady Srasting e S S SN T RAC RS A It

AFGL BALLOON FLIGHT (JUNE 79)
POLYTEX CR-~39 (1.5 MM SHEETS)

A z SO 65-1
3 °
S ~ ® 49 83-2
- o4
:“ 0. = 48 60-4
A -4 ° , x 47 65-3
H g :- T, b e 46  B4-1
E (3
) S * . e 45 70-
:_ £ * + 44 61-3
B ® e
L.: EJ ol x . . 43 6i-3
e « * . ° . o 42 69-4
. x » ° o o
S ° x * . 4 e 41 61-6
:‘ " . - '. EY
3 e . A x 40  60-5
3 "w, x 39 60-3
2 Coe, A
. ° . . 8“9: - x 38 60-2
. LA L & 2 a
. ~ ° x ©® ® e 37 S9-a4
3 L3 N “so #
= ] - . . ¢ « 36  59-3
x 4 & %0 . ‘e
™1 2 » a0 ¢ + 35 61-4
\ ol » ,s ‘\ ". o
9 . ney L4} e« 34 6I1-2
'-\ n L] ! bad q [}
b . § e 33 68-4
5 vq a 32 68-2
p
. e 3t 67-$
bt "
[} o 30 67-4
o
2 o) © 29 69-7
t_'- o 28 50-2
. o 27 50-3

o 28 S0-S

S 67 89\¢

EEER LA LAY 2 LR BA KRS
RESIDUAL RANGE (MICRONS)

ko8 [ o 1 re
10"
Q,
"~
-

v

Figure III-15(b)

B 4 b o

L Y T T e e e = s
P . e T e - . N
PR IR O [ e
LU P AN
St e,
IRy PRSI RPN

R A . o RN LSRRI -
b P T SO S - P VO SR W WL P AP . SO W S R Sl S N




P——

M PO SR s § T a2 a4 2 T O TN

. v . e,
AR N A

T O B N R T R T a A W W W

M M i i S i S R A i SN R

°
i
o d
w4
-4 AFGL BALLOON FLIGHT (JUNE 79)
w04
o POLYTEX CR-39 (1.5 MM SHEETS)
o
-4
~N
z t44 55-8
z 76 58-6
z 75 $8-S
_O‘— x 74 58-3
o4
w x 73 $8-t
~1 x T2 S7-6
z
= s e, « 71 S7-3
- L}
o ° o 70 56-3
- 9 z
? 11 ‘0 oo z o * 69 56'2
us . ® ¢ 68 55-9
PR x § 24" .
o % 2 [ 67 55-7
T x + ® 2z
&) . + o z e 66 $S5-4¢
=l - . - L}
! * " °, &™° x 65 55~y
z
* e %% x 64 $§5-2
N ?%
“ . o s §1 72-2
N . - ‘Q
2_* . ° A . ﬁ &u + 62 T8
o] o 2 . X4 pars B0
o] » s 2 . 6. 71-S
n
~ v % * . 60 71-4
P LA x ¥ o
1 2 LX3 { L ¥ s 59 n-<y
o Po * « 3 o X
L ze * e S8 71-2
1 a S7  67-3
) o 56 66-1
o 55 66-5
o 54 66-3
~ 4
® 53 66~4
[} 52 64-2
. s 5 65-2
o
RS 2 3 4 5 6 1Y 2 3 « § 8 7 g9 € 78\

e i e R
S ) R N R R S

RESIDUAL RANGE (MICRONS)

Figure III-15(c)

111




q
.
:

A

s

v
-

Pt i N A i

LaCae 0 8 ™ i i N

9T-I11 2an31g




LT-I11 ®an814

LR ikt e L e e B R B I (R B

113

g T R EEEST R A

4 - iaalr1v

] W ALl

i
thitt thiH

[ig

Bis ] B

e W W W T @ w3
pf

ETCIRTATRIRTY. . 4 SHUTNPCIIRIT W SIS .~ ARSI TSNS - I CTRTMIIRTEL S AN PIITY .o T Wl PGDUP IR IRV G DRSNS S ST




b . « . v

_ e
A X
, 3
A . ..._
5 .
s B
3 3
, J M .
] ~ o
d

y Q 4
1 - A
’ o & A
y To & ]
‘ " |
f 2

1 <

1 Q ¢« ©

J * '

b 2 - 2

3 - - -t 4

4 42 = °

1 H =

: 5

o

9 ord

4 5. e

] Te

d

y

d

3

b o -‘

] o

]

q 1 1 1

: ) Qo o

] o L ~

]

j (anous w ) A * 31vy HI13 woVHL

!

’

i

p

POATIENILTS) o) VORA RIS ol SR D OB ol LR < = o .




Phat ¢ I g af i,

4.0

e ande e a2t ik i e heiii i ENC Rl il et adi - e .-x,r.r*.r'.“r_—._v.'.'t'-v.".?'.r.vl

iy

ol
Q
T

BULK ETCH RATE, Vg (um/hour)
N
o
T

e .o}

. 40 50 60 70 80
: TEMPERATURE (°C)

? Figure III-19

b
¢ i T TR L, LN Sy LW e
(PO FERCAACH

I I AT S Rl R T A L ST IR P
LA WA SIERE R A T R T S Rl R R e T
’ * gy % . - ) o AT A R T IR T e P S AP ORI - Pt T



: 0Z-111 2an814

’ (L) SYNOH NI INIL HO13

; ool 08 09 oY
! Y T Y T

Q

-
e
A

N [
DRI JC S AT P S PO RSN

P A T T T A
UL AT N AP AN I NP .

Cot
T et

116

SNt

A TOETCE R TS YR TS T S ST TS T R YT SW Y .

wr N (Q) ¥313WVIC NOVNL

. . .t
L
Tt TR T e
W TRAE Nl YOPPUALY S UL Ve WY

.09




PR

-

Calr kY

L et g

a TN

1Z-111 2an8y4

117




£ aC I - dar M3 g

0.0
I (ARRHENIUS PLOT)
- © POLYTECH - PRESENT WORK
R e HOMOLITE - FOWLER ET AL.
X PERSHORE - FOWLER ET AL. °
- O [}
H
[ -]
=
\ -
€
3 } §
o
> .
w o)
et
m I.o p—
z -
o L
u o
X
3 [~ 0]
[« ]
X
B ®
B 0]
3 -
®
O.' L 1 L 1 i 1
2.6 27 2.8 2.9 3.0 3.\ 3.2 3
L (103 )
T
Figure II1I1-22
118
Tl L T T L T e L SRR




£2-111 2an813

U

' o

y -t

ﬁ. {

\ 1
L|
4

g

3

i i
i

2 i
{

p [

L K

. 1
i
‘
R

: ‘
"

! .

| y
‘i

]

r

v

‘e

RVEIRIEN D VSIS .S IS _ DU U - J




- re—" T T T N R R R T R I R R A I T TN RIS BN rmres—r—ee——y.

IV. THE PLASMA EXPERIMENT ON BOARD METEOSAT-F2

1.0 INTRODUCTION

The electric potentials of synchronous satellites are known to vary
according to the geomagnetic substorm environment which charges the
spacecrafts negatively. The excess charges build up on different parts
of a satellite leading to eventual breakdowns between two or more
regions on the surface of the vehicle,

The European geosynchronous satellite METEOSAT-Fl suffered from
such spacecraft charging phenomenon., The spacecraft did not suffer any
permanent damage, but the charging resulted in loss of data. Wrenn
et al. suggested to the European Space Agency that diagnostic instru-
mentation should be carried on-board the next satellite of the series,
METEOSAT-F2. For that purpose, this vehicle was equipped with an
internal antenna sensitive to certain electric transients resulting from
electric discharges, and with an electrostatic analyzer to monitor the
plasma environment in the 50 eV - 20 keV energy range.

The Physics Research Division at Emmanuel College, through the
U.S. Alir Force Geophysics Labgratory, provided the electrostatic
analyzer for the plasma measurements. This report describes this instru-
ment and presents preliminary data obtained during the first month of

operation.

2.0 THE SPACECRAFT

¢

A P SIS

METEOSAT-F2 was launched into a geosynchronous orbit on June 19,
1981. After about one month of programmed drift and maneuvers, the S/C
reached its final position on July 21, at 0 degree of longitude. The -

g

-Tve

satellite is spin stabilized at 100 rpm, with its spin axis roughly

parallel to the earth's spin axis.

CLRKY

The first of the two instruments, the Electrostatic Event Monitor
(EEM) was turned on a few days after launch, on June 21. The Electro-
static Spectrometer (SSJ 3) was commissioned on July 28, 198l1. Quick
look data taken with this instrument between July 28-31 showed that it

Do “‘-‘

AR P JARCEARDEN

was performing nominally. Production data up to this day indicate that
the SSJ/3 is performing flawlessly.
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3.0 THE ELECTROSTATIC ANALYZER (ssJ3)
3.1 Physical Principle

r
P
r
1

This instrument uses an electric field established between metallic
plates in the shape of concentric cylindrical segments to effect the
energy analysis. Let Ry and R, be the radii of curvature of the inner

. and outer plates respectively, to which electric potentials of 4V and -V
are applied. Using Gauss' theorem and the definition of potential, we
calculate the electric field E between the plates to be

1
E= I_ZET§;7§IY v (R < 2 < Ry)

where fringing of the electric field has been neglected. To a first
order approximation, the trajectories of non-relativistic particles
entering the set of plates are arcs of circules concentric with the
plates. The energy E (expressed in electron volts) of a non-relativ-
istic particle of charge q with a circular trajectory of radius a is
then related to V by

E = n——"——— (ev)
n(R,/Ry)

which to a good level of accuracy, for R,~Rj << Ry can be reduced after

expansion of the £n formation to

’J [ AN A
4

(o]

n

N|<

o)

where the mean radius R = 2RoRy/Ry+R,, and § = R,-Rjy.

L : The formula above thus indicates a linear relationship between the
4 electric potential applied to the plates and an average energy of the
particles which will be transmitted through the field, from an entrance
aperture at one end of the cylindrical segments to the exit aperture at
H the other end.

4
E 121
e
o
o




P 2 Al W F N T W Y e e . ke ¥V e & " w " a e B D A
oo os T wEws W T T WU N I W T W T W oW W W s g % T W W TR R LT L e T e T e T e ke -

The proportionality constant, known as the analyzer constant, is
low to R/28 and is equal to 1.96 eV/V and 20.0 eV/V for the low and
high energy analyzers respectively.

It can be shown that the energy resolution, AE/E, of the instru-
ment is to a good approximation equal to 8'/R, where &' is the width
of the entrance aperture. The angular aperture of the system is approx-
imately 6'/R radians (FWHM) in the plane of the trajectory. This

instrument may be used for the analysis of either electrons or protomns

by the choice of the polarities of the applied potentials. Discrimina-

i tion between protons and electrons is thus inherently excellent,

3.2 Physical Description

The SSJ3 consist of 2 sets of plates, one set for each of the 2

- energy ranges (51 - 1045 eV and 1.06 - 20 keV respectively). Schematics
f of the small plates geometry (low energy range), and large plates geo-
y metry (high energy range) are shown in Figure IV-1.

The plates are made of aluminum with a sand-blasted finish to
minimize the amount of XUV reaching the channeltrons (see "Detectors"
below) which are extremely sensitive at these wavelengths. Further re-
duction of the XUV scattering from the small plates is achieved through
closely spaced serrations on the plate inner surfaces.,

Dielectric materials between the plates and in the vicinity of

their edges were carefully avoided to prevent charge buildup in these

L am g et
B R

areas which in turn would affect the electron trajectories,

Figure IV-2 shows a picture of the complete SSJ3 plate assembly
together with the collimation system and the channeltrons in their
housing.

T

The operating voltages are between 125 V and $500 V and 1t12.5 V
and 1250 V for the high and low energy analyzers. The use of a

vrr
-

balanced * (volts) configuration results in a zero potential surface

midway between the plates., Since this surface passes through the

IAGSIAAL |

narrow apertures, electrons undergo negligible acceleration upon
entering and leaving the analyzer.

a The field-of-view of the spectrometer is oriented at 45 degrees
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with respect to the spin axis of the satellite. Thus the electron
pitch angles sampled are between 30 and 60 degrees under quiescent mag-
netic conditions.

The integration time for each of the 16 channels (8 channels in the
"high" and "low" energy range) is 12.583 seconds. Since the spectrometer
records the electron fluxes in 2 energy channels (one in the "high" and
one in the "low" energy range) simultaneously, a complete sixteen point

spectrum is obtained in 100.7 seconds.

3.3 The Detectors

Immediately following the exit aperture of each set of plates are
a pair of Channeltron Electron Multipliers*. The high energy range
uses two CEM 4019-C/WL-SC (10 mm funnel), while the low energy range

uses two CEM 4013-C/WL-SC (3 mm funnel). Each device has a gain of

n107-108. The anodes of the Channeltrons operate at +3 kV and their
funnels are at ground potential. The critical dose for each Channeltron
is in excess of 101! counts.

Special care was taken to avoid potentially contaminating materials
in the instrument which may have resulted in a long-term gain degrada-

tion of the detectors.

*Galileo Electro-Optics, Sturbridge, MA
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4.0 THE ELECTRONICS

Figure IV-3 is a block diagram of the instrument. The Channeltron
outputs from each ESA are capacitively coupled to a preamplifier-
discriminator. These units produce logic-compatible outputs which are
counted by log accumulators. Timing and control logic steps the energy
levels, resets and enables the log accumulators, and loads the data
words into the shift registers. Upon receipt of a gate pulse from the
spacecraft, the data word in the corresponding shift register is
serially shifted out on a data line. Figure IV-4 shows the SSJ3 with
its analog and digital cards exposed. Brief descriptions of the func-
tional blocks follow.

4.1 The Preamplifiers

The preamplifiers used in this instrument are of the charge sensi-
tive type and have an inherent discrimination level of about .5 pico-
coulomb, corresponding to an electron gain of 3 x 106. They include
pulse forming circéuitry which produces CMOS-compatible output pulses
about 0.5 us in duration.

An externally accessible test input is provided to verify opera-
tion of the preamps, counters, and logic. This input couples an
external pulse generator through a 2 pf capacitor to the preamp in-
puts. A fast-rising pulse of about .5 volt amplitude transfers enough

charge into the preamps to produce output pulses.

4.2 The Logarithmic Counters

The electron count from each analyzer is accumulated in a log
counter following the preamp. These units produce an 1ll-bit logarithmic
representation of the actual count. The seven least significant bits
represent the mantissa and are the contents of a 7-bit binary counter.
The remaining four bits, the exponent, represent the final prescale
factor by which the input to the 7-bit counter is divided. The unit
operates as follows: Initially, the 7-bit counter counts all incoming
pulses, up to a count of 128, or 0000000; at this point the input

begins to be divided by two, so that only alternate pulses increment
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the counter. When the counter again reaches the 0000000 state, the pre-
scale factor doubles, up to a maximum value of 215, The actual count
represented by the 11-bit word is given by:

COUNT = 2¥(x + 128) - 129.

8:29Q000009

y X

The value 129 rather than 128 appears here because a 1 count is
1; preset into each log accumulator at the beginning of every data

interval to aid in readout verification. This count must be subtracted

to get actual count.
The maximum capacity of these accumulators is 8,355,711 counts,
which is well in excess of the maximum expected count for the 12.5

seconds integration time period.

4.3 The Control Logic and Data Output

To establish timing for plate voltage stepping and data accumulation
the control logic section uses two of three gate pulses provided by the
spacecraft (see Fig. IV-5). These pulses, which read out data words A and
B, are spaced 12.5 sec, of 1/2 data frame apart, to simplify instrument
timing. At each occurrence of pulse A or B, the plate voltage is

stepped, and the log counters are disabled and their contents latched

into shift registers. Then the contents of the corresponding 16-bit
shift register, either A or B, is transferred across the interface.
Since 16 bits are not adequate to read out the two 11-bit counts (plus
sync bits), the 7-bit mantissas of the high energy counts are stored
in a third shift register and read out by Gate C later in the frame.

In each 25 second data frame, 4 counts, representing four
energies, are read out, producing a complete 16 point spectrum in 100
seconds.

All logic elements in the SSJ3 are C-MOS. Radiation hardened

devices were used where possible.
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4.4 The Power Supply

The SSJ3 package utilizes a 50 kHz sine wave inverter type DC-DC
Converter to provide all required power. This supply is built in-house.
It supplies four regulated voltage levels: +5 V; *750 V; and +3000 V.
+5 V operates all analog and digital circuitry. 750, which are derived
from voltage doublers, supply the plate stepper. +3000 V is the bias
voltage for the Channeltrons.

4.5 The High Voltage Stepping Circuit

The plate voltages are controlled by a shunt regulator using a
chain of 4 high voltage field effect transistors as the shunt element.
Employing only a single reference and error amplifier, this circuit
produces balanced positive and negative outputs. The voltage levels
are determined by fixed programming resistors which feed known currents
into the error amplifier. These resistors are sequentially placed in
the circuit by a Johnson-type C-MOS counter.

The settling time for this circuit is about 3 ms for the negative-
going steps. This represents a negligible dead time for the instrument.
Figure IV-5 is the wave form at the inner high energy plate.
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5.0 THE DATA

Table IV-1 lists the mean energy (in eV) of each of the 16 energy
channels together with the corresponding geometrical factor (cnz-stet-
eV). The energy resolution for each channel is V10%, and the accept-
ance angles of the low energy and high energy analyzer are 3.7x4.6
degrees (FWHM) and 1.9x9.6 degrees respectively.

Because of a tight schedule for the delivery of the 8SJ3, only
a preliminary calibration was performed on the instrument. The para-
meters shown in Table IV-1 were obtained for 2 other similar instruments
flown in comnection with the Defense Meteorological Satellite Program
(DMSP) of the U.S. Air Force. These instruments were calibrated using
an electron system at Rice Institute in Houston, Texas. Our experience
has shown that there is a remarkable consistency from instrument to
instrument in the mean energies and normalization constants. Thus, we
estimate the certainties in the energies to be of the order of 4%,
and that of the normalization constants t10% approximately.

5.1 Presentation of the Data

The SSJ3 electron data are written onto magnetic tapes at ESOC,
and sent monthly to Mullard Space Science Laboratory (MSSL) and to
Emmanuel College for processing.

MSSL presents the data in the output format shown in Figures IV-6
(daily summaries) and IV-7 (monthly summaries).

The Daily Summaries - The daily summaries are presented according

to the following format. The channels are interpreted over 12 formats
(5 min 02 sec) giving 286 points in 24-hour period. Note that UT and
local time are identical for METEOSAT-F2.
1. High Energy Spectrum (HI) - For each of the 8 energy channels
(1 = 9 tu 16), the electron intensity (cm~2-sr—l-g-l-ey-1)

J(1) = c(1)/N(1)/T

where C(1) is the accumulated number of counts in the time T
(T = 37.5 sec).
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TABLE 1V-l

Channel Center Nomalizgtion
Number Energy (eV) Constant (cm‘-ster-eV)
1 49 1.72 x 1073
R 2 75 3.53 "
3 116 5.65 "
4 177 8.42
5 274 1.30 x 1072
6 418 2.00 "
7 664 3.17 "
8 990 4.7 "
9 984 1.09 x 1071
10 1508 1.50 "
11 2316 2.02 "
12 3540 2.82 "
13 5480 3.7 "
14 8360 5.03 "
15 12880 6.67 "
16 19800 8.25 "
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Successive pairs of fluxes are then averaged and grey-scaled
logarithmically for the display within the range of 102 (white)
to 108 (black) cm~2-sr~l-g-l-ev-l,

2. Llow Energy Spectrum (LO) - The same procedure as for the

High Energy Spectrum is followed for the 8 emergy channels (i =1
to 8) of the low energy detector.

3. Total Flux - The total number flux (cm~2-ser-l-s-1) for the
16 energy channels is calculated according to the following sum-~

mation
INF = & Z[J(1) + J(i+1)][E(i+]1) - E(1)] i=1,7+1=29,15

giving the total number flux which varies between 106 and 109.
4. Mean Energy - A mean energy (eV-cm‘z—sr‘l-s'l) for the elec-

tron spectrum is then calculated according to the summation
ME = % L[J(1)E(1) + J(4+1)E(4+1)] [E(i+l) - E(1)] 1 = 1,7 and 9,15

This mean energy is plotted between 0.1 and 20 keV.
5. Maximum and Minimum Counts for the High Energy Detector

(HI max + min) - For each integration period the maximum and mini-
mum values of 12.5*%C(i)/T(1) with { = 9,16 are determined and
plotted between the limits 102 and 10°.

6. Maximum and Minimum Counts for the Low Energy Detector

(LO max + min) - Same as 5, but with i = 1,8.

7. EEM Discharge Event Counter - Every 12.5 seconds a read out of

the event counter gives the number of times that the threshold has
been exceeded. The accumulation of this counter over 24 lwurs
with a point plotted every 5 minutes on a scale of 0 to 5. When-
ever the count exceeds 5 than 5 is subtracted. Note that the
count is not integer due to the analogue nature of the output.

8. EEM Threshold Voltage - The average threshold voltage during

each 5 minute period is plottec on a scale from 1.5 to 2.0 volts.
9. Eclipse Flat - On days when the spacecraft enters the shadow
of the Earth a hatched panel indicates the eclipse time.
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10. Geomagnetic Index Kp - The three hour planetary index is cal-

culated from the magnetic field excursions measured at eleven
stations spread around the Earth. It is plotted on a scale from O
to 9. (Note 2_ = 1.7, 2+ = 2.3)

The Monthly Summaries - Data for a whole month is plotted using the

same format as the daily summaries but using a basic integration period
of 432 formats instead of 12 formats (3 hours). Although the grey-
scaled panels are of limited value, the total flux curve does give a
good monitoring of the long term changes in the diurnal variation and

their association with Kp.
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Many operational spacecratt have
proved suscepiible to unexpected sisius
changes or anomalies and these have
often been altributed o the
consequences of surface charging.
During s four years of operation
Metlsosat-1 suflered from 150
irreguiarities which, although not
damaging, have led to a certain loss of
data. Since there was a clear correlation
between occurrence of anomalies and
periods of geomagnetic activity, two new
instruments were included on Meteosat-
20 see if anomalies are caused by
discharges resulting from
magnetospheric electron fluxes.

First Resulls from Meteosat-2
Discharge Experiments

A.D. Johnstone & G.L. Wrenn, Mullard Space Science
Laboratory, University College London

A. Huber, Emmanuel College, Boston, USA

D. Hoge, Metecsat Satellite Manager, ESA, Toulouse, France

Spacecraft charging phenomena
Irradiation tests on the Meteosat
prototype spacecrafl and numerous
spare components a‘ter Meteosat-1's
launch showed that the anomates could
be triggered by arcing from tugh
potentials generated by the impact of
charged-partcle tuxes, but these
investigations posed more guestions than
they answered The Meteosat-2 thght
model had already been built by 1tus time,
but two actions were undertaken with a
view 10 finding a soiution. The
electromagnetic cleanlhiness of the
Meteosat-2 spacecraft was improved by
changing cntical interfaces and by
graunding the outer thermal shields to
reduce the susceplibiiity to charging. In

. addihon, two new insiruments were

included in the payload so that data on

* the plasma environment and internal-
" discharge transients would be available if

the anomalies were not eiminated

After four months in orbit and only two
such status changes, it does appear that
the immunity of Meteosat-2 to the
charging hazard has been significantly
mproved, but the problem has not been
completely suppressed. The question now
1S, do the special on-hoard monitors give
a plausinle explanation ot what s
happening?

The Meteosat-1 anomalies

Meteosat-1, launcted in November 1977,
was tully operational for its hrst two years
n orbit. Since then. a reduced nussion
nas been peiformed as a result of a
matfunction in the satelite’'s overload
protection system Scon atter Metuosat-1
cperaticons bogan, thecame evide 1 that
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anomalous status changes were
occurring occasionally within a few
sensitive command interfaces, and there
was evidence of a correiation with
geomagnetic index. Grcund simulations
gave somewhat contradiCtory results. and
could not provide a model for the
mechanism that was leading o the
anomabhes. Most anomalies were
observed during the penod of full
operations, but status changes have been
ohserved even in *he reduced mode.

The Meteosat-2 anomalies

Meteosat-2, launched on 19 June 1981,
has shown only a small number of
anomales compared with Meteosat-1
and only two might be attributed to
spacecraft charging - on days 251 and
271 (8 and 28 September). A major peak
in the Fredericksburg geomagnetic index
(F1g.2) occurred on day 206 (113). and a
second one on day 235 (48). but
September was in fact a quiet month.
Signiticantly. no anomaly gccurred near
either of these increases in geomagnetc
activity. !

The Meteosat-2 cherging instruments

I addition 10 11s normal payload
Meteosal-2 is carrying three special
‘experrments’. One. suggested and
incerporated by ESTEC Power Systems &
Electronics Section, and invoiving a Hexfet
power transistor. was conce:ved as a
technoiogy demonstration So far no
changas inits parameters have been
detected The other two expenments are
tesigned Lo seek o correiahon between
the environment of the spacecratt and the
eiectromagnenc nterterence within it
Energetic electrons i the neigahourhood
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Fiquro 1 Meteosal 2 it resacnsd ot

launch on 19 June 1991, together with the
Inchan experimental cotamumeitions
Sateinte "Appie” and the Ananie
technoloqu:al capsule (CAT)

of the spacecraft are being monitored by
an electron spectrometer (SSJ/3, Fig. 3a)
built by Emmanuel Coilege, Boston.

The electncal envirtonment inside the
spacecralt is being studied with an
electrostatic event moruior (the EEM.
F1g.4), agan developed and built by
ESTEC Power Sysiems & Electronics
Section.

The Electron Spectrometer (SSJ/3)

This instrument has been designed 1o
count precipitating elecirons in the energy
range 50eV-20keV The energy analysis
15 periormed by a pau of electrostate
analysers employmg a lime-sequenced
deflecting electrostatic field. Electroris
entenng the input aperture must have a
certain energy to pass the deflecting
electrastanc held ot the curved plates and
reach the exit aperture, thus energy s
proportional 10 the plate voitage.

Fupued  Rocord of the Diedotchabuy

geomagnetic index (A-index) on days 170
10 300 of 1981

At the oxat aperture, channeltron electron
multiphers are used as detectors to
provide the counting signats for the
registers The instrument provides a total
ol 16 energy-levc! counts, between 50 eV
and 20 keV, by stepping the plate voltages
of alow- and a high-energy channe
sexquentizaliy twice per formit The output
dati are provided in a set of three, 16-bit
diala words contaming tour counts
Reduction of these data nto 16-point
energy spectra and production of suitable
displays required a special processing
arrangement.

Although the SSJ/3 instrurnent is fairly
small and has a very low power
consumption, it was quite dihcuit 1o
ncorporate on Meteosat-2 because the
satellitc was already in a very advanced
state ot integration. Two particular
probiems were:
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Figuie 3 - The Electron Spectsomeler
(SSU/3) for Meteosal-2 provided by
Emmanuel College. Boston

Figure 4 - The Electrostatic Event
Monitor (EEM) for Meteosat-2 provided by
ESTEC Power Systems & Electronics
Section

141

- totind a location for the instrument
where ds apertures could look into
space but not at the Sun

~ 1o adapt the instrument’s data to the
8-bt standard. as it had ongnally
peen developed 10r a 9-Dit format

Fortunately. the Meteosat solar panels
contan Cut-outs 10 make them

milers Nangeab e Ang one of thes
openngs Coutd te sed as a window for
the expermient The latter had o be whed
Al 221G avoid direct sunkbt taing on
the aperiures {see £.3.3b) The second
Droblenm was solved by the oxpenmenter

The Electrostatic Event Monitor (EEM)
The Cies trorstatic, Event *Monitor measures
the sugnal trom g probe mcunted nside
the spa. errat bor each telemetry format
OF25 St rhon @ SIgnal nrocessor
Provees a record of

“1se tresniold level

- ovents exceeding this threshola
[vrnger 10 me ghos! peax
aAmMphtyae
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“Figure5 - Dady summary of SSi3end

EEM instrument data for 7/8 September
1981 (day 251) showing the first

Meteosal-2 charging anomaly &t 01.56 UT
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METEOSAT F2 SPACECRAFT CHARGING MONITORS
DAILY SUMMARY FOR DAY 25@ ( 7 SEP) — 251 ( 8 SEP) 1981
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The instrument 1tselt. which uses
analogue creu:tny lor wmphcity of design
15 $mall Lght and employs a fiexible
antenna tis instalial.or. on the spacecraft
tnerefore causea no Macr problems. its
Jata are processed toaether with the data
o e B8J Jaostiune ny

Inilial measurements
The data rom the Chae ing expenments
e DeNng processed at Mullard Space
Science Laboratdty 1o Jve daih summary
LIS N ng tor n of Figere 5 Five-minute
NEJran0ns are carnest out for the SSU/3
and EEN' oulpuis 1o compose the
folowing data paneis
1t Difterential rumbeer hux ([em - sr
s “eV ol alections tor the 16
energy bins (rey-scaied
logarithmicaily as ‘he inset hey

2 Total number fiux (cm ‘sr 's ') of
the electrons. This 1§ proportionai to
the elecinc current carned by the
slectrons to the sp.acecraft

3. Mean energy (keV) of the detected
elecirons This 1S @ measure of the
potential to which the electron tiux
could charge the spacecraft

4 Maximum and minimum counts per
12 55 samphing) penod. registered by
the High-enerQy detector

$.  Maxmum and minimum counts
registered by the LOw-energy
detector.

6 Accumulated number of EEM events
detected.

7 Threshold voltage for the event
detection.

8 Abarindicates penods ot sateilile
eclhipse.
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9. Three-hour Kp index appended to
moritor geomagnelic activily

Kp is dernved from the variations in the
magnetic figld measured at eleven
stations around the worid; it has a value
from Q10 9. In contrast, the
Fredericksburg A index, referred to earter,
1S a 24 h integration of vanations recorded
al a sngle subauroral staton

Figure 515 composed of two daily
summares of $SJ4/3 and EEM data.
centred al midright, covening the first
charging anomaly at 01.56 UT on

8 September, whilst Figure 6 shows data
for 28 September. covenng the ime of the
second anomaly at 1423 U1

These data permit a number of immechate
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Figure 6 — Dady sunmary of SSULY ana
EEM instrument data icr 28 September
1981 (day 271) showing the second
Muoteosat-2 charging anomealy at 14 23 U1
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METEOSAT F2 SPACECRAFT CHARGING MONITORS
_DAILY SUMMARY FOR DAY 271 (28 SEP) 1981
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observatons: _

. There is a compiete’absence of
discharge events

It The electron flux variations are
compietely consistent with previous
measurements from geo-
synchronous orbit (ATS-5 ATS-6,
Geos-1. Geos-2). showing daily
plasma-sheet encounters with entry
occurnng at 23-24 UT on
10 August. 19-200UT on
7 September anc 22-24 UT on
28 September.

" There are no special or unusual
features in the electron flux near the
anomaly imes

v.  There are fiux enhancements at iow
energy belore 0V UT on
28 September when the satelite was
in eclipse Spacecraft charging to

negative potentials 18 common
during eclipses because the current
of photoelectrons leaving the
spacecrafts cut off

A review of tour months of data
estaolishes that no discharge events have
been detected aitho.i;h the EEM
expenment is funciomng correctly A
small change in threshoid vollage
appears 10 be associated with battery
charging following each eclipse. The
electron spectrum frequently changes
dunng echpse and might indicate
charging of the space:raft 1o a few
hundred voits No such chaiging events
are seen at other mes; The electron data
clearly show how the fasma-sheet
bounaary moves 1N response 10 changes
in the solar wind, whicn are also
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momitored by the geomagnetic-actvity
index Kp. The inner edge of the piasma
sheet 1s typically charactensed by lower
temperatures, and this gives nse 10 the
energy dispersion observed at the
boundary. increased dispersion often
resuits from particle-injection events near
local midright.

Geos-2 data

Geons-2. also in a geostal.onary orba, but
displaced in longitude from Meteosat-2 by
between 25° and 37°, has a payload
ideally suited t¢ measunng thw: particle
environment. Numerous attempts to use
the data to understand the Meteosat-1
anomalies have met with iittie success, but
the difference in loca!l ime (1 7-25h)
could be sutficient to prevent detection of
the charging fluxes Geos-2 now operates

ettt ot oo ~-.A_.._.-_‘;j
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1011 Auqust 1981
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METEOSAT F2 SPACECRAFT CHARGING MONITORS
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tor only 12h per day {17-05 UT). and not
durnng echpses.

Figure 7 presents agens.ties of slectrons
with energies in the 50-500 eV range as
measured by the MSSL expenmeant (S302)
on Geos-2. These plots for 10711 August
can be compared with tne $SJ/3 low-
energy data for that day The plasma-
sheet entry at 22 U™ is it a loca: ime of
23.30 which s virtuaily the same as the
Meteosal-2 crussing I 4ul tmes the
DouNdary remar s stal onary. but
COMPANSON C1 e !wo data sets tor

Bt Ded tayy ves a beniter
‘ngasureme:nt st 1h= hoHLNCAy MOtion
AN Was previousty o wiable

Hegher gensilies are rec Yrdea at disturbed
imes. on 25 July 1981 o1 exampie a

Strong compression drove Kp 10 8 for 15h
and 50-500 eV electron densities
excesded 20¢m *at 6.6 Earth rads as the
plasma sheet and the magnetopause
approached the Earth.

Geos-2 aata for 8 Septamber confirm the
lack of charging huxas near the anomaly
ume The only significant particle inyaction
occurred just before 04 00 UT. weil after
the anomaly. at very h«3h energwes (30~
37 keV slectrons, recordud by Geos-2
experiment S321)

Conshusions

Afier four montns of Meteosat-2 data
compiation, it appears that aromahes are
few and far between T he wnproved
electromagnenc cleani ness of this
second spececralt coula account for this,
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although the decreasing activity on the
Sun will aiso be a tactor. The iwo
radiometer position jumps observed
cannol be explained simply by the data
from the new experiments. There is nO
evidence for chscharge events, but in both
cases there was an unexplained ielemetry
break and it is possibie that vitat
measurements were losl. Further
investigation is needed 10 find out why
these synchronisation faldures occurred.

it 1s aigo possibie that the EEM instrument
has been set up with insutficient
sensitivity, but this will only be proved i
forthcoming status changes have full
telemetry coverage.

The SSJ/3 instrument is providing reliable
monitofing of the electron fiuxes belisved
{o produce surface charging. but for the
two anomalies it is Clear that significant
enhancements did not occur at the
critical times. This suggests either that the
charging takes place very much eartier
and the consequent discharge is
triggered by some internal spacecraft
eveny, or that the offending particies are
of a different type. it has been proposed
that very energetic penetrating radiation
might be responsibie for many spececratt
probiems. The delayed-discharge theory
must be carefully investigated and a lot
more anomaties would certainly help,
though sateliie operators and users
would obviously not agree!

The companson of the Meteosat-2 and
Geos-2 data has demonstrated once
again the advantage of having two
spacecraft available in orbit to
disCriminate between temporal and
spatat changes. The SSJ/3 data promises
to be most valuable for pursuing a
number ot studes In magnetosphenc
physics and copres of the dasly summanes
are to be made avaidabie for that

purpse ¢
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V. DATA ANALYSIS AND INTERPRETATION

1.0 AURORAL X-RAY CONTAMINATION OF THE LOW ENERGY PROTON SPECTROMETER
ON THE S3-2 SATELLITE IN THE POLAR REGIONS

A low energy proton spectrometer (LEPS) was flown on the Air Force
$3-2 polar orbiting satellite to observe primarily the trapped protons
in the 0.1 to 6 MeV energy range (Pantazis et al., 1975). In the polar
regions, vwhich usually showed low proton fluxes, the LEPS recorded high
counts in a single direction below the satellite horizon over the
course of the five-month operational period. The same pattern of ob-
servations can be seen in the work of Imhof et al. (1974), where a
Ge(Li) spectrometer was used to observe bremsstrahlung X-rays from the
auroral zones, Although the LEPS is theoretically inefficient in
detecting X-rays, in this report we contend that it is the X-ray aurora
that best explains qualitatively the dominant feature of the LEPS polar
observations.

During the last decade several researchers have correlated ob-
gserved electron spectra with observed X-ray spectra in the auroral
zones., In such research, breamsstrahlung X-ray measurements provide a
broader picture of the auroral zones than the more spatially limited
electron observations. This report offers qualitative observational
information on the subject of the correlation between precipitating
electrons and the emerging bremsstrahlung X-rays as observed by
detectors on the $3-2 satellite, °

The Air Force S3-2 satellite was launched December 5, 1975 into
a polar orbit in the noon-midnight meridian with an apogee of 1540 km,
perigee of 230 km, inclination of 96.3 degrees, and a period of 1,71
hours. The ascending node was on the nighttime equator. The satel-
lite spin period was approximately 18.5 seconds, with the spin axis
perpendicular to the orbital plane.

The LEPS provided useful proton observations in the trapping and
precipitating latitudes during the operational period from launch,
December 1975 to May 1976, However, in the polar regions, here de-
fined as poleward of the precipitating regions, although evidence of
any solar proton fluxes is sparse and restricted to solar active
periods, the observation of varying high counts from a single preferred

direction below the satellite horizon persists throughout the five
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month period. Our study of the data provided by the LEPS over this
:; time period has shown that these anomalous polar observations were the
; results of electromagnetic radiations, i.e. bremsstrahlung originating
: in the auroral zones.
The results of our investigation are contained in the Scientific
Report #2, AFGL-TR-80-0265, included in the Appendices section of this

. L
' final report (Appendix 1).
b Reference

Imhof, W.L., G.H. Nakano, R.G. Johnson, and J.B. Reagan, Satellite ob-
servations of bremsstrahlung from widespread energetic electron
precipitation events, J. Geophys. Res., 79, 565, 1976.
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2.0 INVESTIGATION OF THE LOST COUNT PROBLEM OF THE LEPS INSTRUMENTS

-
"
X

In the course of the analysis of the data obtained with the proton
telescope (LEPS) flown on Air Force Satellites S3-2 and S3-3, we were
confronted with artifacts in that data which needed precise investiga-
tion. These artifacts were traced not to a simple pile-up effect as

one would have expected, but to energy spectrum shifts which were

count rate dependent, These spectrum shifts occurred in regions of

high radiation environment, and only with large G-factor LEPS flown on

% . 83-2 and S3~3. The small G-factor LEPS flown on S3-3 did have such
5 spectrum shift problems by virtue of its narrow solid angle. The data
! from this instrument together with laboratory calibration, gave us a

method for interpreting the data from the wide angle LEPS.

The results of the investigation of the energy spectrum shifts
in the LEPS are presented in the special report in the Appendices
- section (Appendix 2).
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3.0 PROTON FLUXES (0.08 - 100 MeV) AS MENTIONED BY THE AIR FORCE

SATELLITES S3-2 AND S3-3 IN 1976

The entirety of the proton data obtained with several particle
telescopes flown onboard Air Force Satellite S3-2 and S3-3 was prepared
for publication as an AFGL report titled "Proton Fluxes (0.08 - 100 MeV)
Measured by the Air Force Satellites S3-2 and S3-3", The data are
presented in the form of graphs and tables.

§3-2

The low energy proton data 0,082 -.0,680 MeV, were presented in
table form (AFGL report, to be published): Figure V-1 shows a typical
page. Each block of data on this page summarizes all of the sample
data for a small interval in L space. For a given L interval there are
n blocks of 5 lines each. On the first line of a given 5-line block,
the L-Hy4, coordinates are given, with Hpi, in kms, Hpip is defined as
follows: for a given set of B,L values B-L iso-~contours are drawn in
the northern and southern hemispheres. The minimum altitude for each
set of these iso-contours is called Hyj,. The Hpin value is the aver-
age value of this parameter for the set of observations as is B, the
magnetic field, and the corresponding equatorial pitch angle, EQPA.

The ratio of value of the average magnetic field, B, to the equatorial
value, BEQ, corresponding to a particular L-Hpip interval is also

given as B/BEQ. In this analysis, we used the magnetic field model
IGRF 1965, with time derivatives extrapolated to 1976.0, and McIlwain's
Invar to calculate the L parameter.

The next line lists the 6 energy intervals from 0.082 to 0.680
MeV. The line labeled BKG represents the background fluxes (counts/
sec-cm2-MeV) (together with the corresponding percentage statistical
error, 2//N ) in each of the 6 energy channels. These background
fluxes were mostly due to high energy protons penetrating the shielding
of the instrument and to the bremsstrahlung produced in the same
shielding, and in the spacecraft by high energy electrons. These back-

ground counting rates (Npgg) were recorded when the instrument's
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aperture was parallel (pitch angle intervals 0-15 and 165-180 degrees)
to the local magnetic field line. The observed background count rates
were then properly normalized to the instrument aperture to yield
background fluxes, Jgcp.

The OMNI line lists the 6 omnidirectional fluxes, Jomyy (proton/

2

sec-cm“~MeV) recorded in the 6 energy channels. The Jomyn1 for a given

energy channel was calculated according to the equation JoMny = 21r2<J1>1
where <J4> is the average value of the proton fluxes observed at differ-
ent pitch angle values.

Finally the line DIR gives the mirroring fluxes (pitch angle 75 -
105 degrees) in proton/cmz-sec-MeV-ster. The OMNI and DIR fluxes are
the NET fluxes with background subtracted, and should be reliable as
long as the corresponding background flux is small relative to them.

For all the data tabulated, the dead time corrections were { 4%.
Data for which dead time corrections were greater than this value were
not used.

The three numbers under the column marked TM give the length of
the observation time, in seconds, for the particular L-Hpip.

Note that the notation of a three digit number followed by a +
sign and a single digit number stands for that number times 10 to the
single digit number power, i.e. 193 + 3 is equivalent to 193,000.

The intermediate energy proton data (0.680 - 6.0 MeV) are pre-
pared in tabular form. The data are organized in a similar fashion
except for the 2nd column labeled -6.00, corresponding to the BKG,
OMNI, and DIR fluxes for events with E > 6 MeV, and which are recorded
by the back detector of the LEPS telescope (Pantazis et al., 1975).

The results of a prelminary analysis of data obtained with the
P-Alpha instruments flown on S3-2 and S3-3 were published previously
(Holeman et al., 1978). However, it was found that in certain B-L
regions, the observed count rates were substantially contaminated by
chance coincidences between the two detectors. These corrections
have been applied to the data which have been retabulated. Data
from the P-Alpha instrument, covering the energy range 5.5 - 100 MeV
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in 6 energy channels, were considered for presentation here. However,
because of the low statistical weight of the data, omni-directional

fluxes could not be calculated accurately and therefore are not presented.

53-3

The low and medium energy range data recorded by the narrow angle
LEPS, and the high energy data from the P-Alpha from S3-3 will also be
presented in an AFGL report to be published. It will be noted that a
set of cwo LEPS was flown on this satellite. These instruments were
similar in design, but differed from one another by their geometrical
factor and threshold energy. Because of spectral distortions which
occurred with the wide angle LEPS in regions of high fluxes, we are

presenting only the data recorded with the narrow angle LEPS.

Several words of caution are in order to the potential users of
these tables. Firstly, no correction to the effective geometrical
factor of the instrument has been made to account for pitch angle dis-
tributions which are very steep (sin"a, with n { 20). Steep proton
pitch angle distributions have been observed at low L values (1.15 -
1.20), and Hpj, (290 - 330 km) by Fisher et al. (1977).

Secondly, in several regions of space, intense electron fluxes
are present. Sweeping magnets incorporated in front of the solid state
detectors of the LEPS instruments do sweep away these electrons up to
400 keV and 600 keV for S3-2 and S3-3 respectively. Electrons above
these energies will contribute to the total count rates in each instr-
ment with a small but finite probability. These high electron fluxes
exist in a region of space L { 1.8 and at higher L values during large
magnetic disturbances.

Typical energy spectra obtained with the LEPS and P-n instruments
on S2-2 are shown in Figures V-2 and V-3, and with the LEPS S3-3 in
Figuie V=4,
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Further analysis of some selected data resulted in two publica-
tions. ,

In the first investigation, we studied the 55-MeV proton fluxes at
low altitudes, between 275 km and 600 km, from 1961 until 1976. The
data utilized were obtained from Air Force Satellite experiments flown
from 1961 to 1972 together with data from the present $3-~2, S3-3 exper-

iments. °
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The analysis of these data showed that in spite of all the uncer~
tainties involved, the agreement obtained between the theoretical cal-
culations and the data was quite good. We concluded that the major
él determining factors of the 55-MeV proton fluxes in the inner zone were
. nearly constant since coupled with a solar cycle varying atmospheric

- ionization loss process.

The second investigation focused on the long term behavior of the
8.5 £ E £ 25 MeV proton fluxes at low altitudes (600 - 900 km).
A five year continuous observation, 1963-1968, of the 8- to 25-MeV

Y £ e

T T
R '.'....v v‘<.

proton population, at L < 2.0, had shown a monotonic decrease in this

L4

population. We ohserved the same proton population from 1970 to 1976,
using experiments flown on several USAF satellites (72-1, S3-2, S3-3).
These data, together with published data from the DIAL satellite,
showed that the decreases in the proton fluxes first observed from 1963
to 1968 continued unabated, at least until August 1976, and with the

!! same original mean lives. The proton flux at L = 1,35 decayed over the
13-year period (1963-1976) with a mean life t of 5.7 * 0.5 years. At
; L=1.90, t was 4.55 ¥ -.16 years. However, the proton flux at L =

: 1.20, which had first been reported as constant, started decreasing

L A 1970-1976 with T = 3.07 + 0.25 years (Figure V-5). Possible explana-
tions for this phenomenon can be divided into the two categories of
natural and artificial effects. We reviewed these different effects

;? and conclude that most likely we are seeing the decay of the high energy “

protons redistributed by the 'Starfish' high-altitude nuclear explosion.
Coples of these 2 papers are included in the appendices (Appendix 1,
Appendix 2). .
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4,0 ELECTRON PRECIPITATION OVER THE POLAR CAPS

The magnetic field lines over the polar cap regions extend in an
antisunward direction and form the lobes of the magnetotail. They are
furthermore interconnected through the magnetopause and the bow shock
to the interplanetary magnetic field (IMF). Not much is known about
the field structure within the polar magnetosphere, and a study of the
low energy electron fluxes (50 eV - 20 keV) over these regions should
provide an opportunity to study in detail this part of the magneto-
sphere which happens to be the most directly related to the Earth's
interaction with the interplanetary medium, Other questions may be
addressed using the electron data, such as the access of low energy
solar flare electrons, or the intermittent acceleration processes
undergone by these particles over the polar cap regions.

We have started a morphological study of the polar cap regions
using the electron data obtained with the SSJ3 instrument onboard the
Air Force Satellite DMSP-F2. The data covers a period extending from
September 9, 1977 until the end of 1978. Although at the present time
there exists gaps in the coverage, it is expected that these will be
filled in the near future thus yielding a complete continuous coverage
over a period of 15 months, ’

For the purpose of this investigation, we defined the polar cap
region as the region starting and ending at the polarward boundaries
of the diffused aurora.

At this time, we have completed the survey from Sept. 13, 1977
until March 31, 1978. We distinguish several patterns of electron pre-
cipitation, examples of which are given in the accompanying figures.
Figure V-6 shows the first pattern which is a uniform electron precipita-
tion across the polar cap region. These precipitations may also show
an intensity gradient which decrease (Figure V-7) or increase the fluxes
from the morning side to the evening side. Another type of precipita-
tion was found to have a convex distribution with a broad maximum
around the magnetic pole (Figure V-8). We also find a recurrent precipi-
tation pattern where large and numerous "spikes'" are observed super-

imposed over a rela:ively flat continuum (Figure V-9) or a concave
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continuum (Figure V-10).

We undertook a detailed study of the events of a period centered
on Feb. 13-18, 1978. During this period, significant enhancements of
the precipitating electron fluxes over the polar caps were observed,

accompanied by hardening of the electron energy spectra.

o
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The Feb. 13-18, 1978 time period corresponded to the onset of a
very large PCA event, actually the largest since mid-1974. The obser-
vations showed a large increase in the 50 eV - 20 keV fluxes over the
polar caps especially over the south pole. At the onset of the PCA
event (9:30 UT, Feb. 13) no flux increase was observed (see Figure V-11)
indicating that the low energy particle did not have direct access to
the cap region, although high energy particle fluxes over the same
regions coincided with the event as evident from the large increase
in the background of the instrument. As time progressed, the elec-
tron spectra became harder, and the flux intensity increased to a
maximum. This increase was followed by a decrease as the PCA event
subsided. Figures V-12, V-13, and V~-14 shewed typical spectra. On Day
44, the energy spectra could be fitted to a power law for E { 200 eV: The
spectral index o was 2.74 ¥ 0.11, At 11:38 UT on day 45, a = 1.42
0.03, and the flux intensity above "1 keV increased from V70 to a
700/sec-cm2-eV-ster (Figure V-12), On day 46 (Figure V-13), the electron
flux at E { 1 keV further increased to m3000/cm2-sec—ev-ster, while
for E < 1 keV it seems to reach a saturation at 6 x 104/cm2—sec-ev-
ster, The spectrum started to soften at A9:40 UT with o = 1.66 t
0.03. Figure V-11 shows typical spectra on the following day, day 47:

o =2.15 1 0.3 at 11 UT. The intensity decreases eventually to the
pre-PCA event level, with very little flux above 1 keV, and a > 2.8.
During this decrease activity phase, evidence of electrostatic accel-
eration of the electron precipitation through 5-10 kilovolt potential
drops along the geomagnetic field lines were observed. An example of
such an acceleration is shown in Figures V-15 and V-16.

This investigation resulted in a paper presented at the 1980
AGU Spring Meeting in Toronto, Canada.
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VI. COSMIC RAY TRAJECTORY STUDIES

The differential equation describing the path of a particle of charge q

and momentum p in the earth's magnetic field, B, is given by

d2% q dX -

----- e oo [ee-- x B(X) ] (1)
ds
(e.g. Rossi and Olbert, 1970), where f‘represents the position vector,
s the arc length along the trajectory and p = |3|. Unfortunately, this
differential equation does not have a general analytic solution even if
E'is expressed as a simple dipole field. It is, therefore, common practice
nowauays to study the propagation of energetic charged particles in the earth's
magnetosphere by numerical calculations using a mathematical model of the

earth's magynetic field.

The numerical methods for the integration of equation (1) are well
established and corresponding computer programs have been published by several
authors (e.g. McCracken et al., 1962; Shea et al., 1976). As is done usually
in cosmic ray physics, the particles are characterized in these programs by

their rigidity

P o= meee . (2)

where ¢ is the velocity of 1ight. The procedures then utilijze the fact that

equation (1) remains unchanged if the signs of q and ds are reversed.
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The trajectory of a particle with rigidity P arriving at a specific location

T

from a specific direction is, therefore, determined backwards by tracing the

path of an identical particle, but with opposite charge, leaving that

-::"
I_',.
L
b
[

particular location in the specified direction.

Q: The computer simulation of particle trajectories in space, i.e. the
trajectory-tracing technique, has been used as a basis for the procedure
ji followed in the analysis of the effects of the geomagnetic field on the
cosmic radiation. The main field near the earth is normally represented
by a sum of spherical harmonics with coefficients determined so as to

produce the best fit to experimental data. The quiescent magnetic field

was described by the International Geomagnetic Reference Field (IGRF)
adjusted to predict the 1980.0 field from the IGRF 1975 field coefficients
(IAGA Division 1, Study Group 1, 1975) projected forward to 1980 by use of

the projected secular drift coefficients.

Cosmic ray cutoffs have been calculated for a satellite orbiting the
earth at an altitude of 400 km. At each point, cosmic ray cutoffs were
calculated for a total of 67 directions, starting in the vertical direction
and extending to zenith angles of 120° from the vertical direction at 20°

zenith angle increments.

Based on the requirements of many cosmic ray studies, two quantities were

of special interest with respect to the effects of disturbances in the

geomagnetic field: the cutoff rigidities of cosmic ray stations and the

asymptotic directions of cosmic ray particles.
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The cutoff rigidity of a specific locatfion on the earth and of a specific
direction of incidence is generally defined as the rigidity below which
cosmic ray particles are inaccessible to that location from the specified
direction. Following the procedure described by Shea et al. (1965) cosmic
ray cutoff rigidities have been obtained by determining for the entire
rigidity spectrum whether an individual rigidity had a trajectory accessible
from infinity (i.e. had an allowed trajectory) or not. For a given location
with geomagnetic coordinates A, & and for a given direction, characterized
by the zenith angle 6 and the azimuthal angle ¢, (see Figure VI-1 for the
corresponding frames of reference) calculations were initiated at a rigidity
well above the expected cutoff, and cosmic ray trajectories have been
calculated at discrete rigidity intervals of AP = 0.01 GV. As the
calculations were progressing down through the rigidity spectfum. the
results always changed from the easily allowed orbits to a complex structure
of allowed, forbidden, and quasi trapped orbits and finally to trajectories
which all intersected the solid earth. As illustrated in Figure VI-2, three
distinct cutoff rigidities as defined by Shea et al. (1965) have been used

to describe the resulting structure of allowed and forbidden trajectories:

PM( A, @, 6, ¢) the Towest rigidity above which the trajectory calculations
yielded allowed orbits for all rigidities. This trajectory-

derived cutoff value is called main cutoff.

Ps( A, ¢,0,4) the Towest rigidity for which the trajectory calcu-
lations yielded an allowed orbit. For the past 15 years
this trajectory-derived value has been referred to as the

Stormer cutoff.

173

__________

LR . . PRI S S TP P LR WL P WS W S A RO SR e PP ol e 2. .

SR ¥

.



) r— Nt JEE v B e~ A e
% 25 e “itu Jc Sec Rhat-i S Y da SRot JIN TR TE T Y e V. Caial v N -

W LETR

Pc( A 0,06, 4) the effective cutoff, given by

PM( A, @,0,4)
Pc(A,0,0,9) = Pm(A,9,8,9) - C(P:A,0.0,¢) dP

1
[
g
e
-

.

Ps(A,0,6,4)

B where
N 1

if the orbit corresponding to P is allowed
C(P:A0,0,¢) =

0 1f the orbit corresponding to P is forbidden .

As illustrated in Figure'VI-3. the asymptotic direction of a cosmic ray parti-
cle having a specific rigidity and arriving at a specific location on the
earth from a specific direction of incidence is the direction of motion
which this particle had in interplanetary space prior to its interaction
with the earth's magnetic field. It is obvious that asymptotic directions
are a primary means of relating cosmic ray intensity variations at the earth

with the direction of the particles in interplanetary space (McCracken et

al., 1962, 1968). The trajectory-tracing method enables an accurate determi-
- nation of asymptotic directions for a specific model of the earth's magnetic
1 field (e.g. Shea and Smart, 1975). In the relatively simple field models

used in this analysis the asymptotic direction of a particle has been

3 determined by its direction of motion, expressed in terms of the geocentric
f! coordinate system, at 25 earth radii, where the effects of the geomagnetic

field on the orbit become insignificant.
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In order to understand specific aspects of the effects of the geomagnetic
i field on cosmic ray cutoff rigidities and asymptotic directions it was
also necessary to study the detailed elements of particular, representative
particle trajectories. For this purpose several computer programs were
i . developed to give graphical representations of the particle orbits as well
as of a number of characteristic parameters evaluated along the trajectories,
such as a program to plot a side and top view of a particle trajectory in

& space as shown in Figure VI-4.
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(invariant latitude {l70°t). high anomalous counts coming from
the auroral zone direction, over the December 1975 through
April 1976 operational period. Despite the low sensitivity of
the Si(Li) LEPS detector to X-rays, bremsstrahlung from -
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AURORAL X-RAY CONTAMINATION OF THE LOW ENERGY
PROTON SPECTROMETER ON THE S3-2 SATELLITE IN THE POLAR REGIONS

Richard P. Boyle and Daniel R. Parsignault

Bmmanuel College
Boston MA 02115

ABSTRACT

The low energy proton spectrometer (LEPS) on board the
Air Force S3-2 polar orbiting satellite recorded, at polar
latitudes (invariant latitude %|70°|), high anomalous counts
coming from the auroral zone direction, over the December
1975 through April 1976 operational period. Despite the low
sensitivity of the Si(Li) LEPS detector to X-rays, bremsstrahlung
from precipitating electrons in the hundred keV energy range
is given as the source of these observations. '
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1. INTRODUCTION

A low energy proton spectrometer (LEPS) was flown on the Air Force
$3~2 polar orbiting satellite to observe primarily the trapped protons
in the 0.1 to 6 MeV energy range (Pantazis et al., 1975). In the polar
regions, which usually showed low proton fluxes, the LEPS recorded high
counts in a single directior below the satellite horizon over the course
of the five-month operational period. The same pattern of observations
can be seen in the work of Imhof et al. (1974), where a Ge(Li) spectro-
meter was used to observe bremsstrahlung X-rays from the auroral zones.
Although the LEPS is theoretically inefficient in detecting X-rays, in
this report we contend that it is the X-ray aurora that best explains
qualitatively the dominant feature of the LEPS polar observationms.

During the last decade several researchers have correlated observed
electron spectra with observed X-ray spectra in the auroral zones. In
such research, bremsstrahlung X-ray measurements provide a broader pic-
ture of the auroral zones than the more spatially limited electron ob-
servations. This report offers qualitative observational information
on the subject of the correlation between precipitating electrons and
the emerging bremsstrahlung X-rays as observed by detectors on the S$3-2
satellite. '

The Air Force S3-2 satellite was launched December 5, 1975 into
a polar orbit in the noon-midnight merid{an with an apogee of 1540 km,
perigee of 230 km, inclination of 96.3 degrees, and a period of 1.71
hours. The ascending node was on the nighttime equator. The satellite
spin period was approximately 18.5 seconds, with the spin axis perpen-
dicular to the orbital plane. .

The LEPS provided useful proton observations in the trapping and
precipitating latitudes during the operational period from launch,
December 1975 to May 1976. However, in the polar regions, here defined
as poleward of the precipitating regions, although evidence of any
solar proton fluxes is sparse and restricted to solar active periods,
the observation of varying high counts from a single preferred direc-
tion below the satellite horizon persists throughout the five month
period. ' This report explains that these anomalous polar observations
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are the result of electromagnetic radiation, namely, bremsstrahlung X-
rays originating in the auroral zones.

The following section gives a description of the LEPS polar obser-
vations. Since the mos” statistically significant counts are contained
in the first energy channel (100 * 20 keV), we w1l concentrate on that
energy channel. Usually, only the first six channels have statistically
significant counts (82 keV < E < 680 keV). Evidénce that the observa-
tions must be due to the electromagnetic radiation necessitates the
évaluation of the finite sensitivity of the LEPS to X-rays in the hun-
dred keV energy range. Analysis of the observations will then give con-
firmation that X-ray aurorae and not solar particles, per se, are what
were observed. Because of the low efficiency of this detector to X-
rays, however, only qualitative, order of mégnitude conclusions on
these polar observations of the X~-ray aurorae can be made.

2., OBSERVATIONS

From roughly 1100 S3-2 data tapes processed by the Air Force Geo-
physics Lab., 245 tapes, each containing a partial or full orbit during
the 10 December 1975 to 26 April 1976 operational period for the LEPS,
have been further processed. Figure 1 shows a typical data record of
the spin-modulated counting rates plotted as a function of time for a
northern hemisphere pass in the 100 keV energy channel of the LEPS,
Night and day trapping, precipitating and polar regions are indicated
in the figure. This pass shows a symmetry in the polar observations
between night and day. In the northern hemisphere, orbital passes
during the time interval of 18 to 24 hours UT fell close to the mid-
night-noon magnetic meridian. Orbital passes outside of this universal
time interval fell toward the evening sector away from the midnight-

noon magnetic meridian. Symmetry of the polar observations in passing
N from the night to dayside of the magnetic pole correlates well with the

closeness of the orbit to the midnight-noon magnetic meridian. In con-
tragst to the data shown in Figure 1, the dynamic range of the polar
counts is demonstrated by the April 17, 1976 polar pass (cf Fig. 2)
which shows minimal (near zero) counts during the time of very low
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magnetic activity (Kp = 2-). 1In general, a correlation existed between
the magnitude of the polar counts and the magnitude of the planetary
magnetic three-hour-range indices, Xp, reproduced in Figure 3 for the

five month period under comsideration. In their recent work, Imhof et al.
(1980) present evidence that the local dusk sector experiences the more
intense electron precipitation, and hence X-ray bremsstrahlung, compared
to any other local geomagnetic time region. The $3-2 LEPS north polar o
observations during the five months observing period tend to add evi-
dence to this case. The $3-2 orbit did not traverse the northern dawn
sector. But the comparison of the polar observations from orbits over
late night to late morning vs. early evening to noon show that the dusk
sector gives the relatively higher counts (proportional to the Kp of
the time).

In Figure 4, a plot of the range in invariant lat;tude, local geo-
magnetic time covered by the satellite's north polar orbits is demon-
strated. The 90 * 3h UT pass represents one extreme where the orbit
passes along the dusk side over the auroral oval, The 21h ¢ 3b yr pass
gives the other extreme where a late evening to late morning crossing
over the auroral oval is made. Orbits at other universal times lie in
between these extremes. Approximate invariant latitude and local geo-
magnetic time for any of the counts vs. time plots, given its universal
time, can be read off the auroral oval nomograph of Figure 4.

Figure 5 gives a representative selection of the data from the
north polar region for the five month period. For active to quiet
magnetic Kp indices, column A demonstrates the data for .the dusk side
passes and column B for the late evening to late morning passes.

The counts/second over a single 18-second spin period in the polar

region show an asymmetric distribution with a persistent single enhanced

MR Y

peak (cf. print plot, Figure 10). In contrast, a monoenergetic beam of

YIRS
D

charged-particle radiation in the presence of a magnetic field and
hence spiraling particles, must show a double peak of equal intensity
to a detector viewing around a plane (cf. Figure 6). The spiraling

Tl el
€

charged radiation would give equal intensity peaks at ¥ © pitch angle.

Although the LEPS polar observations usually contain two peaks within
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a single spin, they are neither of equal intensity nor separated by % ©
pitch angle. The peaks occur at pitch angles of -120° and +110° in the
north night and day, respectively, and at pitch angles of -80° and +70°
in the south night and day, respectively. Although this is a difference
of only 10°, nevertheless the argument for a single peak is corroborated
from the strong connection ~f the lock direction angle of the peak to

. the geometrical location of the auroral zone. This will be explained
more fully in a later section. Thus, the evidence is that the peak ob-
servation is not of charged particles, i.e., protons or electrons, but
rather, is from viewing two discrete sources of electromagnetic radia-
tion at two different directionms.

3. DETECTOR SENSITIVITY
The LEPS was designed to detect and analyze protons in the 0.1 to

6 MeV energy range. Two totally depleted Si(Li) surface barrier detec-
tors were used in an anticoincidence mode. Full description of the in-
strument can be found in Pantazis et al. (1975).. Table 1 gives the
energies of the eleven channels of the LEPS. The wide angle (46°) LEPS
instrument on the S3-2 satellite gave useful proton observations in the
high flux, trapping and precipitating regions during the five month
operational period. The anomalous single peak observations in the polar
regions raise the question of the sensitivity of the LEPS to X-rays.
An incident X-ray can generate an electronic charge in the detec-

4 tor's sensitive volume in three energy-dependent ways: by the photo-
electric effect, by the Compton effect, and by pair-production. The
fact that pair-production occurs above 1.1 MeV, where the LEPS in the

- polar regions sees no counts, makes it unnecessary to consgider it here.
Figure 7 shows the percent efficiency to charge generation from the
photoelectric and Compton effects in the 300 ﬁ silicon front detector.

K These curves are computed from the transmission equation

N= Noe_ux
where N, = number of incident photons at a particular energy,

N = number of transmitted photons,
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U = absorption coefficient in silicon for particular energy,

x = thickness of silicon.

It can be seen that the LEPS is about an order of magnitude more
sensitive to electron charge generation by Compton scattered electrons
than by photoelectrons at 100 keV. At higher energies the photoelectric
effect is a much less efficient source of electron generation. Con-
sequently, charge in the front detector, primarily due to Compton
scattered electrons from an incident X-ray source, would give pulses or
counts in the 100 keV to 6 MeV energy channels. Clearly, the LEPS is
not immune to X-rays. In fact, in a space region devoid of protons, an
X-ray flux could account for a significant counting rate by Compton
scattering alone.

4. ANALYSIS

The source of the single peak polar observation will be explored and
discussed in this section. For a detailed analysis we have selected the
data acquired during a north polar pass in a magnetically active time.
The same considerations and results to be expressed here apply, in form,
to all the polar regions both north and south during the five wmonth
period,

The single peak observation by the LEPS when in the polar region
is not due to a source local to the satellite. Protons cannot be a
local source for two reasons. First, another experiment onboard the
same S3-2 satellite showed that the proton flux, specifically at 100 keV,
in the polar region was at background level with no preferential pitch
angle peak (A.L. Vampola, private communication). Second, as stated

CoaPs d” et

earlier, a proton flux at any one energy and a preferred direction would show

at least a double peak of equal intensity at pitch angles £ 0. The
fact that the LEPS efficiently and accurately observed the proton flux
outside the polar region is reason enough that any proton flux within
the polar region would also be seen.

Likewise, electrons can be ruled out as a local source of the LEPS
single-peak polar observations - either directly or as a source of local
bremsstrahlv 4. Direc’ .y, the LEPS is immune to seeing electrons by
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being equipped with a 1400 gauss sweeping magnet. This magnetic
shielding efficiently swept away electrons up to 600 keV in the high flux
trapping region, i.e., the trapped proton observations by the LEPS were
uncontaminated by electron counts. Local bremsstrahlung cannot be a
source of the single peak for two reasons. First the energetic electron
flux seen by another experizent onboard the same S3-2 satellite (A.L. Vampola,
private communication), while in the polar region, was at a low level.
Second, if the LEPS were sensitive to local bremsstrahlung generated by
the low-level electron flux despite the reasonably adequate shielding of
the LEPS, then presumably the observation would be more or less omni-
directional and not at the single significant direction. Furthermore,
the same sensitivity would be apparent in the trapped radiation regions
where there are large fluxes of trapped electrons. The single preferred
(consistently recurrent) direction of the polar observation is in fact
explained in the following text by a source remote to the satellite,
namely, the X-ray aurora.

It is known that the auroral zone emits X-rays isotropically by
the bremsstrahlung process due to precipitating electrons incident on
the atmosphere at approximately 100 km altitude. The single peak ob-
served by the LEPS in the polar region is evidence of its sensitivity
to electromagnetic radiation in the X-ray (100 keV) energies; the pre-
ferred direction of this single peak observed from various orbital
vantage points is precisely the direction of the aurora.

Because of the extreme magnetic activity, we analyze in detail
the data of orbit 1569 on March 26, 1976, 9" UT in the following dis-
cussion (cf. Figure 8). Figure 9 shows to scale, in the orbiting plane,
the north polar pass of the orbit 1569. The look angle from the local
nadir at which the single peak is seen is portrayed from four orbital
vantage points (a,b,c,d). Figure 10 shows the 100 keV observations
during a single spin corresponding to the four vantage points. Here
pitch angles are given.

As the satellite passes in the night side, from south of the aurora
where the peak occurs at look angle +84° off the nadir to the north of
the aurora where the peak is seen at -65° off the nadir, the angle of
the peak might be expected to move through zero degrees. However, with

the LEPS aperture of 46° at an altitude of approximately 1200 km, less




area of the aurora is in view when overhead than when oblique. Furthermore,
when the aurora is viewed perpendicularly compared to nearly horizon-

tally to its area, a decrease in X-ray intensity greater than an order

of magnitude occurs. This effect is presented in detail by the recent

work of Walt et al. (1979) who show that bremsstrahlung X-rays escape

.the auroral zone preferentially at angles near the horizontal. Also,

this effect is more pronounced for the higher photon energies. At

vantage point ¢ (cf. Figure 9), the dayside peak has increased to a
brightness equal to the decreasing nightside peak. As the satellite

closer to the nadir (from +65° now to +60°) before the single peak is
covered by the precipitating and trapping proton fluxes.

The auroral zone is located within the field of view of the 46°
aperture of the LEPS when pointing at these look angles both for the
night and dayside aurorae. Corroboration of this fact is obtained from
the location of the precipitating electron regions given by two electron
experiments on board the same S3-2 satellite for the same March 26, 1976
orbital pass as well as from a DMSP photograph of the visible aurora.
Electron observations in the 36 to 317 keV energy'range (A.L. Vampola, pri-
vate communication) locate the precipitating, and consequently auroral,
region between 49 to 61° magnetic latitude. Observations from an elec-
tron sensor in the 80 eV to 17 keV energy range (R. Vancour, private
communication) locate the precipitating region between 52° and 60° mag-
netic latitude. The DMSP photograph (cf. Figure 11) of the visible
aurora from an orbital pass crossing the same nighttime auroral area as
the $3-2 satellite and just 25 minutes after the $3-2 pass puts the
equatorward edge of the bright continuous aurora at a corrected geo-
magnetic latitude of 58°. Bright discrete arcs and bands are observed
poleward to 68°. The sudden commencement of the major geomagnetic
storm began at 0233 UT. The Ap value reached 138, making it the fifth
highest value of the 20th solar cycle. The planetary magnetic three-
hour-range index, Kp, for this date remained high for 24 hours. The
earth’s polar cap underwent a very large expansion during this storm,

In Figure 12, both the S3-2 and DMSP orbits are plotted on the auroral
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oval nomograph (Whalen, 1970) for the largest polar cap expansion
given for a complete oval (Q=7). The discrete arcs and bright
continuous aurora have been sketrhed in from the photograph to show
that for this storm the auroral oval has expanded even more than
indicated in the nomograph.

We have attempted to compute a predicted bremsstrahlung X-ray
flux at the LEPS aperture given the observed precipitating electron
flux. The observed count rate for the point under study is 104 cts/sec.
This occurs at altitude V900 km, magnetic latitude A70°, and UT N9h.
An arrow on Figure 8 points out the time under étudy for the forth-
coming comparison of observed vs. predicted count rate at the LEPS.
A "best case" approach in estimating the configuration of the LEPS
with respect to the auroral zone is taken in order to maximize the
predicted count rate result. Referring to Figure 13, the opening
angle of the LEPS is 46° and the subtended arc is

£ = 2r sin % 8 =~ 2(2886 km) sin 23°
L = 2255 km,

assuming the satellite is 26° poleward from the average latitude of

the aurora. From the S3-2 electron data of Vampola (private commun-
ication) the extent of the precipitating zone is approximately 15°

in latitude or 1665 km. Thus, the emitting volume is 2255 km X 1665 km =
3.75 x 1016 cmz. Based on the electron observations for the date, the i
flux of precipitating electrons over this auroral zone is, on the
average, 3.5 X 106 electrons/cmz-sec. From the area in view of the
LEPS, the total electron flux is ¢ = 1.3 X 1023 electrons/sec. The
total area A, of a sphere centered on the auroral area and having a

: - radius equal to the satellite distance away is 1.05 X 1018 cmz. Thus,

®/A = 1.25 x 105 electrons/cmz—sec. We assume an isotropic distribution

of the bremsstrahlung flux and further neglect the atmospheric absorption

i - (Justified because of the high (100 keV) energy considered along with

p the very small residual atmosphere between 100 km and the satellite

E altitude). 1In order to obtain the bremsstrahlung flux at the detect:orml
g we use the numbers calculated by Berger and Seltzer (1972), O(K)/Jokev .
E the differential bremsstrahlung flux per unit incident electron current

. and multiply by the above computed factor 1.25 X 105. The e-folding

L
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energy obtained from the electron data is approximately 40 keV.

Thus ¢(K)/Jo keV.1 differential is 7 x 10-7. The total bremsstrahlung
flux computed for the 100 keV (AE = 41 keV) channel of the LEPS is

7 photons
electrons-keV

5 electrons

7 % 107 X 1.25 X 10 x 41 keV X 2cm? X € =

cm °secC

7.2 252&32& x €, where € = efficiency of detector

Referring to Figure 7 shows that the expected percent efficiency
of the LEPS to 100 keV photoelectrons is only 0.2%. (A laboratory .
calibration of the LEPS for its sensitivity to X rays was not performed.)
The final predicted photon counts/sec for this date of interest is

7.2 x 0.2% = 0.0144.

Thus there exists a great discrepancy between the predicted value of
approximately 10.2 cts/sec and the observed value of approximately

104 cts/sec.

5. CONCLUSION
This study has shown that the LEPS is considerably more sensitive
to X-rays than initially predicted.
A possible reason for this discrepancy could be that the Berger
and Seltzer calculation assumes a simple exponential spectrum for
the precipitating electrons. Some actual measurements, however, show
a two (or more) component electron spectrum which probably results
in a higher X-ray production rate. Also, this instrument was not
carefully calibrated for X-rays prior to launch. There may be inherent
design characteristics that result in a higher than expected counting -
rate by X-radiation. Compton scattering in the detector might well
be a source of some of the counts adding up in the various energy
channels, but this in itself does not resolve the discrepancy. The -
fact that the LEPS recorded a signal at times as large as 2 X 10“ cts/sec
in the auroral direction warrants attention in designing and operating
any detectors similar in design and construction to the LEPS and
operating them in any orbital configuration similar to that of
the S3-2 satellite. ‘
Finally, the relatively certain results in this study of the five
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months observations are: the single high peak is always seen in the

R auroral zone direction; the peak is more intense the greater the Kp

il index, and the dynamic range of auroral X-rays of four or five orders
of magnitude found in other auroral X-ray studies seems to be found in

E these observations.

w,
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Typical data record of northern hemisphere showing the
anomalous single peak in the polar region. The peak is
seen once per 18 second spin from a direction below the
satellite's local horizon. The night peak at a particu-
lar pitch angle decreases as the pole is approached, and
the day peak at a different pitch angle increases as the

satellite recedes from the pole.

Polar peak virtually disappears during this time of low
magnetic activity (Kp = 2-).

Planetary magnetic three~hour-range indices, December 10,
1975 to April 29, 1976.

Projection of north polar pass of satellite orbits

on an invariant latitude, magnetic local time diagram.

Comparison of polar peak observations from dusk side
(col. A) with midnight-noon passes (col. B) for high to
low Kp index.

A monoenergetic beam of spiraling charged particle radi-
ation having particle velocity v would be observed at
%6 pitch angle with respect to magnetic field line B by
a detector spinning in a plane. ‘

Theoretical percent of X-rays absorbed in 300 u silicon
(LEPS front detector) due to photoelectric and Compton
effects.

The anomalous polar peak reaches an intensity of 2 x 104

counts/sec on this north polar pass, March 26, 1976. Kp =
8-; UT = 9h,
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Figure 9.

Figure 10.

Figure 11,

Figure 12,

Figure 13.

Surface of earth in the orbit plane under $3-2 north
polar orbit track. Pictured are four orbital vantage
points of the single peak observation of the obliquely
viewed night and day auroral zone. Look angles with
respect to the local nadir are labeled,

Variation of polar peak corresponding to four 6zb1tal
vantage points of Figure 9 (a,b,c,d).and selected'from
data of Figure 8. Peak always appears in the direction
of the night or day aurors.

DMSP satellite image of the visible nighttime continuous
aurora plus discrete arcs and bands observed on March 26,
1976. A reference geographic coordinmate grid at 100 km
altitude overlays the image. The satellite subtrack is
shown by a dashed vertical line. The crossing of the
equatorwvard edge of the aurora occurred at 925 UT, The
sunset terminator lies at the left of the image.

8§3-2 and DMSP satellite tracks plotted on inyariant lati-
tude, local geomagnetic time suroral oval nomograph for
March 26, 1976, UT n 9", The 1mag¢ of the aurora from |
Figure 11 has been sketched in.

The LEPS, at 2886 km away, with an aperture of 46° views
an auroral area 15° x £ = 1665 km x 2255 lm.
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I. Introduction: Since the last meeting at AFGL relative to the LEPS
simulation project, there have been several significant developments.
Detailed measurements were made of the energy spectrum of the Am241
calibration source from the back-up LEPS with both the LEPS electronics
and logic and using a pulse height analyzer (PHA) under laboratory
conditions. The results show clearly that there is no loss of events
due to an energy dependent dead time and show that significant numbers
of events are being shifted downward in energy by the LEPS logic. We
will present the hypothesis that the observed effects can be approximated
by an energy dependent base-line shift of magnitude up to 1600 kev. We
conclude that the narrow angle LEPS on S3-3 never encounters radiation
conditions where the base-line shift is significant and present a method
for interpreting the data from the wide angle LEPS.

II. The Am241 calibration Experiment: Using a laboratory PHA, a series

of measurements were made of the energy spectrum of the Am241 source with
the distance separating the source from the detector as a variable; thus
effectively varying the counting rate as seen by the detector. The LEPS I
head assembly was used as a collimator and its front detector as the first
element in the electronics. The measurements were made under vacuum at
nominal separations of 2.5", 1.25", 0.64", 0.32" and 0.07". The latter
separation corresponded to the standard position of the source in the

LEPS calibration mode. With the PHA, sums were accumulated over a 100
second "live time'" interval using the internal dead time correction

mode. A lower threshold setting of 240.6 kev and a scale factor of

5.19 kev per channel gave 1024 channel coverage of the source spectrum.
Thus:

(1) E(k) = 5.19:k + 240.6 kev

h A ekt an R 4

gave the energy correspondence for each PHA channel. The experiment
was repeated using the back-up LEPS electronics package and reproducing
the experimental conditions as closely as possible.

ST Y
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A comparison of the two sets of data are shown in table 1. The
columns labeled LEPS are 100 second LEPS observations corrected for
a dead time of 1.75 micro-seconds per event and converted to counts
- per second. To get the comparable PHA results, the PHA channel ki
. corresponding. to each of the LEPS nominal channel boundaries was de-
' termined from (1) and a count rate was calculated using the equation:

1024 1024
(2)
(PHA)i " ::E? n, - ::EE& n,
) 3 j
i=k; juk+1

where nj is the counting rate in the j'th PHA channel in counts per second.
The ratio of total counts was calculated and shows a maximum difference
of 9.6%. We assigned a probable uncertainty of + 0.05" for the 2.5" and
1.25" cases, + 0.02" for the 0.64" and 0.32" cases and of + .01" for
the .07" case. These then imply the uncertainties given in the table
for the LEPS/PHA ratios.
Table 1. illustrates two important points. First, the total count
- : rates agree within the known uncertainties in all cases. Earlier simu-
lations of the LEPS problem using data from the S3-3 satellite showed that
the count rate losses in the wide angle S$3-3 LEPS could be accounted for
by an energy dependent dead time. All formulations of this theory how-
ever, required a- least 40 micro-second per event dead time for a 4.0
2 Mev pulse (the approximate mean of the channel 11 source counts). For
the standard position, the 13500 cps in channel eleven alone would
account for a 54% dead time and hence at least a factor of two difference
between the LEPS and PHA total counts should be seen. Even an assumption
of 10 micro-seconds should result in approximately 14% differences and this
clearly is not the case. The calibration results thus prove an energy de-
pendent dead time is not a factor to be considered. Secondly, the
table shows a definite shift of events down in energy. For example,
the differences in the channel 11 count rates can be interpreted as showing
that 2.55, 4.9%, 9.0%, 29.0%, and 75.0% of the channel 11 PHA events are

shifted to lower channels respectively for the five samples. For a closer
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samples. For a closer look at what is probably happening at the other
channels we wrote a computer model of the LEPS calibration source.

III. Simulation of the Calibration Source.

The data from the PHA for the standard .07" case was encoded to

. create a conﬁuter model of the calibration source. We have three
sources we would like to compare using this model, that of the back-
up LEPS and those from the narrow angle and wide angle LEPS on the S3-3
satellite. For the 83-3 source data we chose a sample representing an
average of all the source data for one orbit of the satellite. This in
fact was an average of 10 separate 2-second observations under various
intensities of trapped radiation flux. The total count rate for this
sample was 20600 for the narrow angle LEPS and 29900 for the wide angle
LEPS. This would indicate the source on the narrow angle LEPS was essen-
tially identical to that of the back-up LEPS while the wide angle LEPS
was "43% stronger.

The purpose of this simulation was to determine the magnitude of the
energy shifts at several channel boundaries. In order to do this, one
key assumption had to be made. We assumed that the net effect of the
shifting of individual events down in energy could be approximated by
shifting the nominal channel boundaries up in energy. The entire
formulation and discussion that follows in this report is heavily de-
pendent on that assumption.

The three calibration sources were simulated and the results are
shown in Table 2A. To produce this table the relationship:

1024 11 .
3 S n, = n,
3 x Z oy om S,

jok; j=1

was solved numerically for ki for channels i= 11, 10, 9, and 8 for each
of the three sources. In equation (3) Nj is the observed count rate for
LEPS channel j; n, is the count rate for PHA channel j; S is the relative
My strength of the source being simulated, and ki is the PHA channel number

%
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that gives equality at boundary i. Values of S = 1.0 were used for

the back-up and narrow angle LEPS and a value of 1.43 for the wide angle
LEPS. 1In table 2. the "E" column gives the nominal channel boundaries
for each source. The'"E'" column is the shifted channel boundaries usiiyg
equations (1) to determine E‘(ki)- The "AE" column gives the differences.
The same calculation could be made for the remaining boundaries, however,
interpretation becomes difficult at the lower energies. For example,
using the channel 1 boundary of the back-up LEPS as an illustration,
a value of S = 1,00 forces a AE of 0.00. According to table 1, we know
S only to + 6.5%. If the maximum value of S = 1.065 is assumed, the
calculation gives AE = 1281. kev. The two S values can possibly be
interpreted as giving a lower and upper limit respectively to the boundary
solutions. The S = 1.065 results are given in Table 2B. Obviously,
the higher energy channels are not completely free of this effect.

This simulation shows primarily the magnitude of the problem for
the LEPS calibration mode. We will later show that the distorting effects
are approximately proportional to the square of the energy and hence the
count rates in the highest energy channels are a dominant factor in
causing the distortions. The highest observed count rates for trapped
radiation for the highest energy channel are 300 cps. and 4500 cps, while
for the calibration mode they are 13500 and 19000 respectively. Hence

the calibration mode is the most severe environment LEPS ever sees.

IVv. Base-Line Shift Hypothesis.

As shown above, the 6.5% uncertainty in S prevents us from drawing
strong conclusions about the nature of the distortion below channel 8
based on the calibration source simulation alone. We have other infor-
mation that is relevant however. We know from the S3-3 experimental
data that the calibration source completely dominates the LEPS instru-
ment in the sence that even a large trapped radiation rlux has no sig-
nificant effect of the calibration mode observations. The calibration
source and its mounting hardware block a maximum of 25% of thc detector
area and although this will be a large effcct, it cannot account for the
observations. The only remaining conclusion is that the channe) bound-

aries below channel 8 must be shifted far enough to place a major partion

218




AuL s [ Lt A bt by

jt

SR I SR A
\
,

B g arie i Mg SatavAAEP N A A St R a A A SRR S R et MR SRENESE H S M S S RN

of the trapped radiation spectrum below the LEPS lower energy threshold.
In modeling the distortion, the simplest formulation consistent

with the above arguments is a base-line shift of the form Ei = Eo + Ei where E'
are the nominal LEPS channel boundaries, E° is some unknown function of

count rate and energy, and Ei is the effective channel boundaries. E
would then have a value of 1400 + 300 for the back-up LEPS and the
narrow angle LEPS and a value of 1600 + 300 kev for the wide angle LEPS
calibration mode. This model would be adequate to explain all of the

0

calibration data. To formulate Eo for less severe conditions and to
test the general validity of this base-line shift hypothesis we must
look in detail at samples from the S3-3 experimental data.

V. Testing the Base-Line Shift Hypothesis With the S3-3 Data.

1f the LEPS distortion is due to a pure base-line shift given by
some function E0 (of count rate or energy or some other parameter) then
what LEPS is actually measuring is the integral energy spectrum J(E > E° +
Ei) for each of the eleven nominal channel boundaries Ei‘ If some mechanism
could be found for determining Eo’ the LEPS problem would be completely
resolved. Conversely, if the energy spectrum were known, each data
sample would represent an experimental determination of Eo (in fact eleven
estimates Eoi could be determined, one for each boundary Ei)' The
two LEPS instruments on S$3-3 satellite allow us to do just that. We
assume the energy spectrum is determined by the narrow angle LEPS and
use the wide angle LEPS observations to determine Eoi from the integral

equation:
3 11
4 2, ME = 2 N,
j=1

E .+E,
oi i

where Qw is the solid angle of the wide angle LEPS and Nj is the observed

count rate for channel j. This procedure is valid to whatever degree
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the narrow angle LEPS data is free from distortion. To at least first
order it should be a legitimate assumption since the geometric factor
of the narrow angle instrument is smaller by a factor of 15.06 than
that of the wide angle instrument. It should be less susceptible to
distortion by approximately that factor and we will give further evi-
dence later in this report to support that assumption,

For this determination, eleven samples were selected from the S3-3
data set. They were selected to give representative coverage of the
observed count rate range of the narrow angle LEPS (500 cps. to 50000
cps.). Samples 1 and 2 were included only for completeness. Each re-
presented only 1 observation and at 520 and 1400 cps respectively were
not statistically adequate for a meaningful energy spectrum determina-
tion. Samples three through six were in the range 3200 cps. to 18000
cps. Each of these represented an average of at least 10 consecutive
observations at the peak of the local trapped radiation pitch angle
distribution. The agreement between the two energy spectra were good, in-
dicating no severe distortion in the wide angle LEPS data. The remaining
five samples (covering the count range of 10000 cps. to 46000 cps.) all
showed evidence of distortion in varying degrees and were numbered for

reference in the order of its apparent severity.

X A Monte-Carlo simulation was then done to give simultaneous solution
at the eleven nominal energy boundaries Ei of the function Eoi for each

3 of the eleven samples. As a first test of the ligitimacy of this pro-

él cedure, an experimental determination of the effective stopping power

- of the mylar shield in front of the wide angle LEPS was attempted.

%i Using samples three tlrough six, a curve Ei = E;i + Ei was constructed

Ez where Eoi is the average of the Eoi's at channel i for the four samples.

- The result is presented in figure 1. For comparison, the nominal bound-

}i aries E.1 and the theoretical curves determined for 4.0 micron, 4.6 micron,

ci and 5.2 micron mylar are plotted. The figure shows almost exact agree-

E‘ ment between the Ei curve and the theoretical 4,6 micron mylar shield

&Z for channels one through seven. The difference ir channels 8 through 11

g

=

%

-
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are possibly statistical and possibly due to the crudeness of the fit

to the integral spectrum at higher energies. A power law fit:

(5) E. = E!' - 24400 E! (--763)
1 1 1

was made to the 4.6 micron mylar curve and the simulation was repeated
using that function to take into account the effect of the mylar shield.
The results of this second sumulation are given in figure 2.
Figure two shows that samples six and seven require no significant
correction and that a base-line shift of 50 kev would be an adequate
description of sample eight. The curves for the remaining three samples
show that the base-line shift is only a first order approximation to the
apparent distortion,
The regularity of the curves suggest however a modified base-line
shift of the form Ei = Ei - A Ei + E° might give a significant improve-
ment. A first approximation to A and E° were made from fits to the

parameters given in table 3. giving:
2
6) E0 = ,003017 (E )T + .07

A= .0056 + 1.0757 x 107> Eq

Table three gives a set of parameters characterizing the eleven samples
(sample 12 in the table is the wide angle LEPS calibration data). Columns
one through four give the mean energy per event "E" in kev, the total
energy "E"T in kev per micro-second, the total ''square energy" (EZ)T in
kev2 per micro-second, and the observed total count rate for each sample.
Column S gives the observed Eo and column 6 the Eo value from equations
(6).

A final simulation of the 11 samples was made using equations (6)
as a reprcsentation of the distortion. The results are given as table
4. The table shows there is good agreement in total count rates with

the exception of sample 10 (within ~10%). The data also shows an average
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RMS agreement within + 15% in the count rate spectrum, again excluding
sample 10.

VI. Conclusions:

The above experimental evidence allows us to make the following
statements on the quality of the LEPS data from the S3-3 and S3-2
satellites.

(a) The narrow angle LEPS data is not affected by the problems we have
been studying in any important degree. In the most extreme trapped
radiation environment it encounters the total squared energy it sees is
(EZ)T = 2.4 x 104 kev2 per micro-second and a maximum count rate of
50000 cps. At this (Ez)T value equation (6) implies a base-line shift
of v72 kev. This is in the region of figure 2 where the simple base-line
shift looks good. For the simple base-line shift, the delta-E's used
in the flux calculations are preserved and hence the real effect is
ignorable. Also, the calibration experiment shows dead time losses

at a count rate of 20000 cps are not detectible and hence they cannot
be an important factor at a 50000 cps level, although the nominal dead
time for the LEPS logic of 1.75 micro-seconds per event should be taken
into account in the analysis (this is a nine percent correction at
50000 cps}. The narrow angle LEPS is still susceptible to contamination
by electrons and penetrating protons and no attempt has been made in
this study to evaluate those effects. What has been shown is that the
low energy wide angle LEPS data cannot be used to provide the electron
contamination information. Even a small base-line shift makes it use-
less for that purpose.

b) The wide angle LEPS data on S3-3 can be interpreted and some

useful information can be recovered from it. The simulation based on
the procedures outlined in section V. were successful in giving the
observed count rates within an average of + 10% for ten of the eleven
samples considered and showed an average RMS precision of + 15%

in reproducing the count rate spectrum for those ten samples. However,

those procedures were crude and fits were based on only four points.
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They were derived to show that a method exists with some potential for

A

solving the problem rather than as an actual solution. If the correction
is to be attempted, those procedures must be refined and fits to E and
to the mylar shield must be made based on many more samples. It is
somewhat qugstionable whether this effort would be worthwhile. We have
i . shown that the wide angle LEPS cannot provide the electron contamination

information it was intended to give and the narrow angle LEPS will
always give an energy spectrum with a higher confidence level since it
requires no large corrections. The only improvement the wide angle
instrument can make is better statistics in the higher energy channels.
c¢) The S3-2 wide angle LEPS data is not as severely distorted as its
$3-3 counterpart since the $3-2 satellite was at a lower altitude and
saw a correspondingly lower trapped radiation flux. We did not look

) gk St iut Al A -

at the S3-2 data in this study but equations (6) would be applicable and
a congervative (Ez)T threshold of approximately 2.5 x 104 kev2 per
microsecond could be set to separate out that portion requiring no large

R

corrections.
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Table 1,
Comparison of LEPS and PHA measurements
of the Am241 calibration source
from the back-up LEPS
2.5+.05" 1.25+.05" .64+.02" .
LEPS PHA LEPS  PHA LEPS  PHA
channel* 11 168 179 662 717 1918 2050
10 25.6 22.6 125 102 481 303 .
9 6.55 6.45 30.1 26.1 ‘ 97.9 78.7
8 3.58 3.35 15.2 13.2 44.2 40.2
7 2.07 1.97 8.10 7.90 23.4 23.3
6 1.33 1.68 6.16 5.94 17.2 17.0
5 1.25 1.16 4.84 4.58 13.0 13.5
4 .94 1.04 3.51 3.77 12.4 11.6
totals 209.3 217.3 854.9 880.5 2607 2537
EPS/PHA 0.963 0.971 1.028
+.058 +.118 +.067
-32¢.02v .07+,01"
LEPS  PHA LEPS  PHA
11 3810 4910 3470 13500
10 2201 822 9340 4800
9 450 204 5260 1120 .
8 144 101 1430 515
7 68.6 57.5 582 265
6 45.7 42.1 349 187 >
: 5 32.6 33.5 220 145
. 4 40.9 26.0 249 117
? totals 6793 6196 20900 20649
# EPS/PHA 1.096 1.012
2 +.104 +.065
224
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Table 2.

Calibration Mode Boundary Solutions
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Table 2A: S=1
S =1.43
back-up LEPS narrow angle LEPS wide angle LEPS
E E' AE E E' AE E E' AE
3570 4573 1003 2936 4286 1350 3306 4922 1616
2275 3815 1540 2251 3750 1499 2233 3896 1663
1537 2689 1152 1747 3135 1388 1680 3328 1648
1022 1911 899 1176 2386 1210 1116 2583 1467
= 1146 1362 1799
Table 2B:
S = 1.065 $ =1.523
back-up LEPS narrow angle LEPS wide angle LEPS
3570 4593 1023 2936 4301 1365 3306 4943 1637
2275 3903 1628 2251 3849 1598 2233 3968 1735
1537 3063 1526 1747 3389 1642 1680 3494 1814
1022 2586 1564 1176 2889 1713 1116 2972 1856
= 1435 1580 1761
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Table 3,

Characteristic Parameters for the eleven selected
data samples from S3-3 + calibration source

kev/ct .kev/m-sec kevzlm-sec observed observed fit
E E o total cts E, E!
sample # 1 385  2.207  1.582x 10°  .5139 x 10° - 4.84
2 319  4.s57  2.622" 1.1359" - 7.98
3 303  9.100  5.008" 2.1442¢ - 15.2
4 311 14.89  8.350" 3.2583" - 25.3
5 239 14.82  6.934" 3.723" - 21.0
6 23 1941  9.083" 4.882 . 27.5
7 252 27.62 1.371 x 10 5.945 14.0 a1.4
8 255  38.51  1.923" 7.044v 50.9 58.1
9 710  91.34 1.362 x 10° 5.415 425 a11
10 372 176.1  1.165" 9.462 392 352
11 758  201.5  3.066" 6.025 905 925
12 3693  115.6  4.652" 2.759" n1600 1404

b

- ML L be it i £-8 o
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E(') = ,003017 (E )T
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BOUNDARY SOLUTION FOR SAMPLES 3-6 COMPARED
WITH THEORETICAL EFFECT OF MYLAR SHIELD IN
WIDE ANGLE LEPS

6000 — .
[~ *
8 EXPERIMENTAL POINTS
v
1000
“
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P. D. CLARK, D. C. VEISSER, Tha Austrslieg Neclosal Uy~
yexajity.~—~Elastic and imelastic scattering sagular die-
tributions to the first excited states of 3*Mg amd 2851
were messuted at “ 139 MoV for 2'Ng + 200Py and ac

= 143 Me¥ for f¥sy ¢+ 200p 1q the asgular reage fres
Oz = 10-120°. The croes sections were amalyzed using
eptical model and coupled chaanels calculations. Thess
ealculaticas utilized up to 230 pertial waves. The
axact calculations are compared to polariszation potea-
tial calculations.! The extracted deformation leangths
are cowpared with deformation lemgths extracted from
similar experiments using lighter projectilas sad the
scaling theory of Beadrie.?

*Supported in part by U. S. Depertment of Energy, Divi-~
sion of Chamical Scieaces.

+Permanent Address: Kansas Stata Uaiversity, Manhattasa,
Kamoas 66506 USA. Suppozted in pert by the U. S.
Natioual Science Toundation umder the US-Australia -
Cooparative Science Program,

W, G. Love, T. Terasews and G. R. Satchlar, Mucl. Phys.
A 291, 183 (1977).

2p, L. Nendrie, Phys. Rev. Lett. 31, 478 (1973).

AE 15 An Investigstion of y-Ray and Out-of-Plane G-

Kre RASAg.* G, J. WOINIAK, L.G. , G.U.

» G.C. HSY, S.K. BLAU, H. BOLOTIN, R.J. McOONALD
A.J. PACHECO, and L.G. MORETTO, Lawrence Berkel
Laboratory -- To detect the projectile-Iike t and
to ne the reaction plane, s 30lid state 4B-8 tele-
scope was used. To measure the out-of-plane correlation
of the a-particles emitted from the target-like frag- -
ment, four AS-E telescopes were sounted on a arc oa
the opposite side of the deam sxis along the recoil
direction. The y-ray multiplicity, My , vas measured .
with an array of 8 Nal detectors and moderate statistics
triple coincidence (z-a-y) data were obtained. The
ratio of the the in-plane to out-of-plane a-particle
yields is approximstely a factor of two. The dependence
of the cut-of-plane correlation on the reaction Q-value
end on My will be discussed. A comparison of the data
with simple model calculations will be presented.

*Worl supported by the Division of Nuclear Physics of
the Office of High Emergy aAd Nuclear Physics and by

* Muclear Sciences of the Basic Energy Sciences Prograa

of the U.S. Dept. of Energy under Contract No. W-780S-
BNG-43.

Mondsy morning, 28 April 1960
Annapolis Room, Sherston Washington Howd s 3:00 AM.

ISESSION AF: INSTRUMENTATION AND APPLICATIONS |
H. Enge, previding

AF1 PEamstion of Radon and Thoran fram Ply Ash
md Ceramice. GARY W. CARRIVEAD®, nouggl;un

Museum of Art end Brookhavea National Laborstory
and GARMON HARBOTTLE, Brookhaven Htimg Labore~
toxy. 1In the decay chains of uranium and rium,
the daghter profuct sequance goes through a gas-
eocus phase (radon or thoron) sppraximately one~
half way Detwsen the parent and the stable isotope
of lead. The ococurrenocn of gasecus escoppe (emana-
tion) ir scme systams can seriously disrupt secular
equilidbrium. M simple techniqus for moasuring ra~
don and thoron emanation, through the determination
of naturally emitted gewma rays, will be presented.
Results will be given for two types of material:

a) fly ash from cosl firsd power plants and b)

AT 2 Processing of LMFBR Test Fusl Pin Images.®* MH.L.
MMES. oo N3, A.H. s VI S. L_Oi
Alamos Scientific Laboratory.**--The LASL Pinex system
produces images O test fual pins during transient
power conditions at the TREAT reactor. Nuclear radfation
enftted by the test section is imaged by single pinholes
onto a scintillator. The resulting optical {mage on the
scintillator is photographed with intensified TV cameras
and stored on video recorder and film. The data are
digitized into sets of 512 x 512 arrays. These images
include a large background from the contatnment capsule
as well as from ambient neutrons and gamma rays of the
reactor core. Ouring processing on & COC 7600, the date
are least squares smoothed, background subtracted, ef-
ficiency corrected and displayed in several representa-
tions. Results of such analysis demonstrate successful
quantifying of fuel mass movement.

*Submitted by A. H. Lumpkin
**Supported by DOE/RRT

AF 3 of an Irradisted Fast Reac
Pip. B. K. BAREES and R. L. PETTY, Los Alsmos
Scientific Ladoratory. --A series of tomographic recon-
structions bave been made from betstron radiographs of
an irradisted fast reactor fuel pia. Two hundred
betagraphs were made on & 20 MeV betatron at 1.8° inter-
vals around the fuel pin. These vere scanned for den~
sity at three axial locations using ea sutomated scan-
ning densitometsr. The resulting six hundred density
scans vere used together vith a filtered back projec-
tion tomographic algoritha to reconstruct am interior-
density image at three axial locations. The resulting
reconstructions clearly shov the cladding, the cladding-
fuel gap, the enriched fuel inside the cladding, and
melted fuel flov into the fuel cladding gap. This fusl
flov vas the artifact of interest vhich prompted the
study. The interior details of the fuel (voids of vary~
ing sizes), however, evince a disappoiating lack of
agreement vith metallographic sections takem at approx-
imately the same locations. This lack of sgreesent vill
be discussed. ’ :

i

AT &4  Buffon Needle Method of Track Scanning at High
Track Deasity.® R. GOLD, F. H. RUDDY, and J. M. ROBERTS,
Westinghouse Manford Company.--The observable invarfabdbly
used for high sccuracy Solid State Track Recorder (SSTR)
spplications is the track deasity, 1.e. the number of
tracks per uait area. Of the currently recognized limi-
tations that exist in quantitative SSTR work, perhaps the
most intrinsic i3 the high track demsity limitation preo-
duced by track pile-up. Hence, techniques which are
capable of extending track scanning into the high density
pile-up region would be quite useful. [n particular,
methods that cen be applied independent of track size gre
highly desirable. To this end, the Buffon needle method
of track scanning is advanced. This new method extends
quantitative track scaming to track demsities well up
into the track pile-up regime, It is based on random
sampling of the SSTR surface. This method has been ap-
plied to high fission track density mica SSTR observed
with scanning electron microscopy. 1t is demonstrated
that the Buffon needle method possesses a reduced depen-
dence upon both source deposit non-uniformity and track
size disteibution. Sources of experimental error arising
in the Buffon needle method are assessed.

*ork performed under the auspices of the U.S. Department
of Energy and the U.S. Nuclear Regulatory Commission.

oer mic shards. Fer the latter materisl, the effect

of ground water on emanstion suppression has been
dete:mined. Effects on enviromen®al radistion
amd thermoluminescomce., Dating calculations will
e discuesed,

®* Gumst Scientist, Chemistxy Cepartment, Brock-
haven National Laboratory. Work at Broakhaven
under oratract with tta U.S. Deparrent >! Fnergy
amd supported by ite Divisicn of basic Eneryy
Sciences.

AF 5§ Detection of lov Energy Protons in CR-I9 Track
Detactor. Y. V. RAG, A. DAVIS and M. P. HAGAN, %ﬂ
College, R. C. PILZ, AFGL and J. BLUE, KASA - LEW
Research Center. ~—— Samples of CR-39 plastic track
detectors were irradiated with protons at MASA/Lewis
Cyclotren. Several incident bess energies in the range

6 MeV to 2N MeV were utllized for these irradiatioms.

In this papar ve discues the registratioa characteris-
tics of pretons ia CR-39 detector. - '

232




= e - Y RN T - e e - 1 ndit it ginte J WA WL Wy UL T o o e T o . W RO LR A Bt v M

AFGL-TR-79-0297
ENVIRONMENTAL RESEARCH PAPERS, NO. 688

. Detection of Protons in
CR-39 Plastic Track Detector

Y. V. RAO

A. DAVIS

R. C. FILZ

P. J. McNULTY
D. SHIRKEY

11 December 1979

Approved for public relesss; distribution unlimited.

SPACE PHYSICS DIVISION  PROJECT 2311
AIR FORCE GEOPHYSICS LABORATORY

HANSCOM AFB, MASSACHUSETTS 01731

AIR FORCE SYSTEMS COMMAND, USAF

233




This report has been reviewed by the ESD Information Office (OI) and is
releasable to the National Technical Information Service (NTIS).

! This technical report has been reviewed and
5 is approved for publication.

FOR THE CCMMANDER

Qualified requestors may obtain additional copies from the
Defense Documentation Center., All others should apply to the
National Technical Information Service.

TV

=T

g J."‘-’. MALARIC A { J

234

B e Ty e a sasc g et e o ey m e T LW T T T e T e e R, . aacs PO AN SRR P G et et e iS4 *"’




b i B i M PrE e ~Mauat AN S it g i Caline Painet T T T e,

Unclassified
SECURITY CLASS' FICATION OF THIS ®aSE (Man Nate Entered)

REPORT DOCUMENTATION PAGE BEF e T e O RM
[T REPORT NUMBER T, COVY ACCESSION NO, 3 RECI ENT'S CATALOG NUMBER
AFGL~-TR-79-0297
4. TITLE (and Subtitle) S. TYFE OF REPCKRY & PERIOD COVERED
DETECTION OF PROTONS IN CR-39% Scientific. Interim.
Py PLASTIC TRACK DETECTOR 6. PERFORMING ORG, REPORT NUMBER
ERFP No, 688
7. AUTHON(®) 8. CONTRACY OR GRANY NUMBER(s)
Y.V. Rao P.J. McNul’&
A. Davis** D. Shirkey™®
R.C. Filz —
\ 8. PERFORMING ORGANIZATION NAME AND ADDRTESS . PROGRAM ELEMENT, PROJECT, TASK
Air Force Geophysics Laboratory (PHG) APES B HORK UMIT humaths
Hanscom AFB 61102F
Massachusetts 01731 : 2311G102
11. CONTROLLING OFFICK NAME AND ADDRESS 12. REPOAT DAYTE
Air Force Geophysics Laboratory (PHG) 11 December 1979
Hanscom AFB 3. NUMBER OF PAGES
Massachusetts 01731 12

Td. MONITORING AGENCY NAME & ADDRESS(I! different from Centrelling Ome.) 15. SECURITY CLASS. (cf this report)

Unclassified
Tha. BEE AS;I{IC!YIOIOOOINGQAMIO

SCHEDUL

T6. DISTRIBUTION STATEMENT (of this Nepect)

Approved for public release, distribution unlimited.

17. DISTRIBUTION STATEMENT (of the sbstract entered in Bleck 20, I difterent frem Repert)

18. SUPPLEMENTARY NOTES

l"Registered Trade Mark, Pittsburgh Plate Glass.

*Physics Research Division, Emmanuel College, Lexington, Mass.
Physics Department, Clarkson College of Technology, Potsdom, N.Y.

19. XEY WOROS (C. on side If y end ly by bleck number)

RO MO

k Energetic proton detector
Plastic track detector

' . CR-39

p:

1

& 20, ABSYRACT (Continue on reverse side Hf Y by bleck mumb
5 CR-39 plastic is used as a detector to observe monoenergetic protons.

4 Several samples of CR-39 were exposed to protons of energies 1,5 MeV,
F. 2.2 MeV, 3.2 MeV and 4.3 MeV. After etching measurements were carried
F- out on track diameters produced by protons in all samples. The diameter dis-
a tributions clearly show an excellent energy resolution of protons of different
3 energies. From our preliminary analysis of data, it appears that the response
§ function for registering protons in CR-39 may be a lot less complicated than in
- cellulose nitrate.
:: DD , 50" 1473  eoimon or 1 nov 63 13 cesoLeTe Unclassified
t_ SECURMITY CLASSIFICATION OF THIS PAGE (When Dete Entered)
L
[
: 235
CAERGA . n N




R A

T

Y r
- '

et

DhChyr iyl Sl ¢

It is a pleasure to thank Drs, Norman Rohrig and Steve Marino of Brookhaven

National Laboratory for help with proton irradiations.

236

« Ve W LT « V.. T TTWN

Preface




1.
2.
3.
1.

3 2.

- 3.

E-

g 4,

r -

3 5.

?

& 8,

L’ y

o

3

3

[

p

3

. . ..‘-‘._v. ’-.. . '~'.'-'."--,'-:‘-._'-'.‘.

e L S e i b S R i it S et e o ——

INTRODUCTION
EXPERIMENTAL DETAILS
RESULTS

The Diameter Distribution of the Etch Pits of Protons
(17 hour etch)

The Diameter Distribution of the Etch Pits of Protons
(30 hour etch)

Etch Pit Diameter (D) as a Function of Proton Energy (E).
The parameter on each curve represents etching time

Etch Pit Diameter (D) as a Function of Amount of Bulk
Material Removed From One Surface (Vgt)

Tracks of 1.5 MeV Normal Incidence Protons in CR-39.
The etching time was 30 hours

Tracks of 2.2 MeV Normal Incidence Protons in CR-39,
The etching time was 30 hours
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Detection of Protons in CR-39*
Plostic Track Detector

1.. INTRODUCTION

In recent years Solid State Nuclear Track Detectors have found widespread
application. ! The production of tracks by energetic ions in insulating materials
is a widely used technique for detection and identification of these ions. The use
of these detectors has been shown to be very successful in the study of very heavy
primary cosmic rays and the recording of fission fragments. Also, there have
been some investigations exploring the possibility of their application to detect
protons. Cellulose Nitrate plastic has been employed as a detector to record
protons, however, CN suffers from being inhomogeneous and anistropic with regard
to its physical characteristics. These defects manifest themselves in non-geomet-
rical track profiles, differences in sensitivity in a given sheet, and variations in
bulk etch rate. The use of plastic sheet cast from CR-39 monomer (allyl diglycol
carbonate) with excellent etching properties, high gensitivity and high uniformity
as a nuclear track detector was reported recently, 2 This material was found to

ACE SR
oL,

KR §

-
“a

(leceived for publication 3 December 1979)
*Registered Trade Mark, Pittsburgh Plate Glass,

1. Fleischer, R.L., Price, P.B., and Walker, R.M. (1975) Nuclear Tracks in
Solids, University of California Press, Rerkeley,

2. Cartwright, B,G., Shirk, E.K., and Price, P,B. (1978) Nucl, Instr., Methods
153:457,
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have a lower detection threshold (Z/B = 9) than celluloae nitrate (Z/8 = 30) and a
smaller variation of response (~ 1 percent) to particles of a given ionization rate
than Lexan polycarbonate (~3 to 8 percent). Commercially available CR-39 is
capable of recording protons of 1 MeV and below as well as 6 MeV alpha particles.
In this work, an attempt is made to investigate further the properties of CR-39 as .
a nuclear track detector with particular reference to the detection of protons.

2. EXPERIMENTAL DETAILS

For this study, Polytech CR-39 (1500 y thick) was used. Samples of size
(2.5 X 2.5) cm were cut out and exposed to a beam of protons from the Van de
Graaf generator at Brookhaven National Laboratory. The beam was tuned to four
different energies (1.5 MeV, 2.2 M¢V, 3.2 MeV and 4.3 MeV). The correspond-
ing fluences were: 2,8 X 105 partlcles/cmz, 0.44 X 108 particles/cmz, 0.67 X 108
;:oarticles/cm2 and 0. 91 x 108 particles/cm®. All irradiations were carried out in
such a manner that particles are nearly normally incident to the surface of the
plastic sheet. After irradiation the samples were etched in a solution of 6. 25N
NaoH at 50°C for different durations. The samples were suspended by means of
nichrome wires in polyethylene vessels containing etchant. Temperature control
was achieved by placing the polyethylene containers into a regulated water bath.
Samples were selected from all four irradiations and etched in four different
batches for 7 houts, 17 hours, 30 hours and 48 hours. In order to distinguish the
background against tracks of protons, a virgin sample of CR-39 was always etched
with each batch. All measurements were made on Koristka R4 microscope using
80 Zeias objective and X10 wide field American Optical eyepiece. A total of 1000
tracks were measured to obtain data on track diameters.

3. RESULTS

In Figures 1 and 2 the distributions of track diameters for protons are shown.
The sheets were etched for 17 hours and 30 hours. In the case of the 17 hour etch,
there is .some spread in track diameter distribution for 4.3 MeV protons. This
may be of statistical nature and/or spread in the beam energy. The superior
properties of CR-39 as a track detector is clearly demonstrated in Figure 2. Here,
the energy resolution for protons is excellent, Once again the peak in track diam-
eter distribution for 4.3 MeV protons is very broad., Figure 3 shows etch pit
diameter as a function of proton energy. The samples etched for 48 hours show a
maximum slope thereby indicating a better resolution. Figure 4 shows etch pit
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diameter as a function of amount of bulk material removed from one surface.
From our preliminary dats, it appears that the dependence of etch pit diameter
on the amount of bulk material removed from one suriace sesms to be legs com-
plicated than in CN, Particle identification by msasurements of sich pit diameter
was first suggested by Somogyi. 3 Recently, Somogyi and Snlay‘ discussed the
kinetica of track diameter growth in considerable detail. In principle the method
should work with particles incident at arbitrary angles on a solid surface, but in
practice it is much simpler if the detector can be pogitioned such that particles
are nearly normally incident, For tracks with large cone angles such as protons,
the diameter is 2 more sensitive function of ionization rate than is track length,
Finally, Figures 5 and 6 show tracks of 1.5 MeV and 2, 2 MeV protons.

20t INe89 43MeV
i 50°C
Buete gt
sor I7H
25}
N gob
ZN=i86 zg. ncuv
5
as- {TH
N:229 15MeV
1ot INs=22 l!’% y f.:‘
.j-; I7TH
- 50¢
1 i A J . A E‘ A 4
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Figure }, Tbhe Diameter Distribution of the
Etch Pits of Protons (17 hour etch)
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3. Somogyi, G. (1966) Nucl. Instr, Methods 42:312,
4. Somogyi, G., and Szalay, 8.A, (1973) Nucl. Instr. Methods 1_0_9’:211.
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Figure 2, The Diameter Distribution of the Etch Pits

of Protons (30 hour etch)
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Figure 3. Etch Pit Diameter (D) as a Func-
tion of Proton Energy (E), The parameter
on each curve represents etching time
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Figure 5. Tracks of 1.5 MeV Normal Incidence Protons in
CR-39. The etching time was 30 hours
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Figure 6. Tracks of 2.2 MeV Normal Incidence Protons in
CR-39. The etching time was 30 hours
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COMMENT ON CONFINEMENT TIME OF COSMIC RAYS

Y. V. Rao
Physics Research Division, Emmanuel College, Lexington, Mass., USA.

R. Filz
.' AFGL, Hanscom Air Force Base, Bedford, Massachusetts, USA.

& Theoretical m Experimentai | | Both [ ] i

duration of time for which cosmic rays reside within the confinement
volume of spagg. Recently several groups deduced the age of cosmic

rays from Be abundance as well as from primary electron spectrum.

- The large abundance of nuclides with Z > 90 relative to the Pb group
L. or the Pt group has been interpreted as implying the survival of

g The confinement time of cosmic rays is defined as the mean

some transuranic nuclides and thus a recent nucleosynthesis(T = 10  years)
Thus the ratios of Pb-peak/Pt-peak and Z2> 90/Pb-peak can be used to

§ deduce the lifetime of cosmic rays. In this paper we discuss the lifetime
= of cosmic rays obtained from these ratios and compare the values with Be
- and primary electron data.

Coordinates: oc g, 3

Mailing Address:  Dr. Y. V. Rao
Physics Research Division »
Emmanuel College
442 Marrett Road
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CALIBRATIONX OF CR-39 PLASTIC DETECTOR FOR HEAVY IONS

R. Filz
AFGL, Hanscom Air Force Base, Bedford, Massachusetts, USA.

A. Davis and Y. V. Rao
Physics Research Division, Emmanuel College, Lexington, Mass.,USA.

—

Theoretical _ Experimental Both

The use of platic sheet cast from CR-39 monomer as a nuclear track
detector was reported recently. This material was found to have
a high sensit’ rity, lower detection threshold and a smaller variation
of response to particles of a given ionization rate. Stacks consisting
of CR-39 plastic were frradiated with high energy heavy ions at

Berkeley Bevatron. We present results on calibration of this detector.

Coordinates: 1.3

( Detectors for charge, mass, energy of primary cosmic ray
particles)

Mailing Address: Dr. Y. V. Rao
Physics Research Division
Emmanuel College
" 442 Marrett Road
Lexington, Massachusetts 02173, USA.
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AN EXPERIMENT FOR MEASURING
HEAVY COSMIC RAY SPECTRA

R. Filz*, Y. V. Rao*® and A. Davis™®

'AFGL,}hnuom;ﬁiibuwlcn,Buwmd.hhanlL&A.
'ﬁhnmmnulewgviﬁyﬁ:RauunﬁLMﬁﬁm,Laﬁgnm,hhsqlL&A.

ABSTRACT

A balloon borne experiment consisting of 1| m? passive detector array has been de-
signed in order to measure charge and energy spectra of primary cosmic rays and
Isotopic composition in the region of Fe peak. The stack profile consists of 65
sheets of CR-39 plastic track detector, three layers of 600 micron thick G5 emul-
sions at appropriate depth in the stack and twenty layers of Lexan polycarbonate
plastic. The payload was flown successfully In June 1979 from Eielson Air Force
Base, Alaska. The flight description and calibration of CR-39 track detector will
be discussed.

KEYWORDS

Cosmic rays; nuclear composition; Isotopes; tracks in plastics; detectors for
charge; mass; energy of primary cosmic ray particles.

INTRODUCT ION

A study of the relative abundances and energy spectra of heavy cosmic rays and
isotopic composition in the region of Fe peak can yield significant information
concerning the origin, acceleration and interstellar propagation. The relative
abundances of the Fe isotopes measured near earth are of great astrophysical sig-
nificance since isotopic composition of heavy cosmic ray nuclei is almost indepen-
dent of the models of propagation and acceleration and such studies would lead to
a better understanding of the nuclear processes in the source regions. In recent
years solid state nuclear track detectors have been employed extensively to study
heavy primary cosmic rays, Also it has been demonstrated that, at present, plas-
tic track detectors present the best possibility of obtaining isotopic composition
of heavy cosmic rays. In addition they have necessary large geometric factors for
those heavy particles and a continuous sensitivity for the duration of an extended
exposure. In the light of this, we designed a | m2 passive detector array for ex-
posure to cosmic radiation. tncluded in the array is a new type of nuclear track
recording plastic, a polymer made from the monomer allyl diglycol carbonate (com-
mercially known as CR-39). The track recording features of this plastic, viz.,
high sensitivity and high uniformity coupled with excellent etching properties
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were recognized primarily by the workers at University of California, Berkeley
(Cartwright, Shirk and Price, 1978). Recently (Rao and others, 1979) it has been
shown that CR-39 plastic detector can be used as a detector to observe monoener-
getic protons with energies up to 4.3 MeV. In this paper we report the details of
our balloon borne experiment utiiizing CR-39 as a detector.

PAYLOAD AND BALLOON FLIGHT

The stack was built as a set of nine modules where a module is essentially an
aluminum box with dimensions (30x30x12) cm. We adopted three types of stack as-
sembly for these modules; one consisting of 'pure' CR-39, the next one, a compo-
site assembly of CR-39 with three layers of 600 micron thick G5 emulsions at ap-
propriate depth in the stack and, the last one consisting of CR-39 and Lexan poly~
carbonate plastic. All three types are shown schematically in Fig. 1. The detec-
tor was exposed to the cosmic radiation aboard a balloon launched from Eielson Air
Force Base, Alaska on June 19, 1979. A squib was fired to allow a spring loaded
sliding plate to shift to a new position. This operation was successful and cos-
mic ray particles which penetrated at float altitude to the main stack below can
be separated from particles which penetrated during the ascent phate. An attempt
to stabilize and orlent the payload utilizing a biaxial magnetometer combined with
an electrical rotator was unsuccess®ul. The failure to orient the payload in a
stable position would prevent us from determining the true direction of each cos-
mic ray particle and trace it backwards through the earths magnetic field utiltiz-
ing a computer tracing programme. The flight duration at float altitude and aver-
age ceiling were 3 hours 30 min and 3 g/cmé respectively.

NUCLEAR INTERACTIONS

In order to estimate nuclear interaction lengths (A) of primary cosmic particles

CR-39
L ) ;_ E CR-39
m LEXAN
CR-39
LEXAN
cr-39| |
]
|
CR-39 e Em |
|
CrR-39| |
' LEXAN
£m CR-39
LEXAN
CR-39 CR-39
(a) (b) (¢)

Fig. 1. Schematic diagram of the stack,
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in CR=39, we used the overlap model of Bradt and Peters (1948) where A is given by
!
A= L n;0; m

where nj is the number of atoms of the ith constituent of the medium per unit mass
and 0; is the nuclear interaction cross-section of the ith constituent and is
given by

op = nrl (a3 4 i3 . 12 (2)

Here A; is the atomic weight of the ith constituent,
A is the atomic weight of the incident particle,
ro = 1.4 fermis.

Figure 2 shows the interaction lengths for a range of incident particle atomic
weights in CR-39 and lead.
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Fig. 2. Nuclear interaction lengths of nuclel in CR-39 and lead.

LML) |




& PROCESSING OF THE STACK AND PROCEDURE FOR CHARGE DETERM{INATION
ot All nuclear emulsions, included in the stack for comparative purposes, have been
3 developed. The plastic track detectors will be chemically processed to determine
% the track etching rate and residual range of each iron group nuclel., Our method
= of charge and mass identification depends on the mechanism whereby cosmic ray
£ nuclei that penetrate the CR-39 plastic sheets produce radiation damage along the
i particle trajectory. Thus, the track etching rate ls a unique function of the
particle lonization. Identification will be based on the assumed relatlonship be- .
, tween etching rate (Vy) and ionization (J) of the form
.- Al $)
g Vp = A :
= where <
XN
2 2 2
J = (2,46/8°)[K + 2¢n(py) - B - 8(B))
.', and the constants A and n are determined experimentally by calibration of the de-
1 tector. The quantity 6(B) is the Sternheimer function.
| To calibrate CR-39 plastic track detector, we exposed two stacks to a beam of
g 210 MeV/amu Ca“® ions at the Berkeley Bevatron. Our preliminary results suggest
by that the response of CR-39 to Ca jons can be represented as a function of
1:-, VT = 25”185. Figure 3 shows the etch rate as a function of residual range for
> these ?ons.
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Introduction:

A knowledge of accurate range-energy rclations for charged particles
is an essential rcquirement in the use of a nuclecar track detector. 'This
report presents computcd track parameters that arc normally used for the
analysis of the heaQy ion tracks in CR-39 Nuclear Track Detector. Compu-
tation has been performed for tracks of isotopes in the charge region

2 <z < 30.

In any Nuclear Track Detector, the residual range of a stopping
particle is a very easily measured quantity, We have therefore uscd the
residual range as the first cntry in the track parametcr tablc (Printout
Table I). The corresponding veclocity is given in the sccond column. ‘The
velocity provides a link with the rest of the paramcters. All the cntrics
in a row arc interdependent and thc table will give thc value of these
parameters if any one is known. The calculations arc based on theorctical

3)

and empirical relations which can be found in earlicr worksl'

Appendix I gives a bricf descriptioh of CR-39 nuclcar track detector
and a number of constants relating to composition of thc detector. |In
Appendix II (Printout Table I) arc listed a few quantitics that arc

generally used in calculations on relativistic ions.

Description of Formulae:

i) Residual Range:
The residual range R, of a hcavy ion with charge z and mass M for a
certain velocity, B, can be determincd by the gencral expression given

by tleckman et all)
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R =

[A(B) + BZ(B{] e (1)

Where A(B) is the range of the ideal proton as a function of its

NN'Z

velocity. The function B,(B) corrccts for the extension in range of an ion
owing to charge-pickup at low velocities. In practice the quantity B, ()
is obtained by scaling the corresponding cxperimental cxpression for emul-

sion to other matcerials.

ii) Kinetic Energy:
The kinetic cnergy per nucleon, E, for an ion of mass M and mass

numher A with a velocity 8 is given by

[ 224
"

2 ”
Mmpc vy - 1) ces {2

where

(- g3

<
0

A

M 1.008

)

and mp is rest mass of proton.

iii) Lffective Charge:
The effective charge, 2o of an ion of atomic number = and with a

velocity B can be expressed as

Zopf = 2 [\ - cxp(-lsosz‘z/s)] (3)

iv) lncrpy loss:

The rate of loss of encrgy for an ion with effective charge, Zeff
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and velocity 8 is given by

o ]
- mnz? 1?2 2m CZBZY‘WZ
B eff o o o max 2 2
- dE/dx = 3 n 3 - 28" - 2¢/2 - 6 ..o (4) |
;. 8 Tadj
LF.. ' \
- where |
é n = the electron density in the stopping medium
- m = the mass of an electron
F! ry = ezlmocz, the classical electron radius
[ Iad' = the mcan ionization potential of the atoms of the stopping
: J medium
Wmax = the maximum energy transfer from the incident particle to the
atomic electron
c¢/Z = tight binding shell correction, and
) = a corrcction term which accounts for thc density effect at

high velocities.
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Appendix 1

CR-39 allyl diglycol carbonate is a colorless, liquid organic ester
of low volatility and low viscosity4). It is miscible or compatiblc with
a1 wide varicty of solvents, plasticizers and resinuous or plastic materials.
If heated with a polymerization catalyst such as benzoyl peroxide, the liquid
gradually thickens to form a soft gel. With further heating, the gel
hardens into a insoluble, clear colorless solid. Becausc of its unique
combination of propcrtics, such as high abrasion resistance, clarity and
low color, combincd with solvent and temperature resistance, polymeric
(R-39 is uscful in the form of clear shcets, So far the main uses of
CR-39 plastics have been as cye wear lenses and instrument gauge covers.

Examples of other uses include glazing, safety shields and guards, naviga-

tion cquipment, laboratory equipment and photographic filters.

In rccent yecars solid state nuclear track detectors have found wide-
spread npplicutions). The production of tracks by energetic ions in in-
sulating materials is a widely used technique for detection and identifi-
cation of jons, Their utilization showed to be very successful in the

study of very hcavy primary cosmic rays, recording of fission fragments

and innumerable applications in the studies on radiation dosimetry. Also,

: there have been some investigations cxploring the possibility of their

3

3

E, application to Jectect protons.

b

.

.

H ) The use of plastic sheet cast from CR-39 monomer with cxcellent
N ctehing properties, hipgh sensitivity and high uriformity as a nuclear
X 0) .. :

: track detector was reported recently ). his material was found to have
o,

al

M

-
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a lower detection threshold (z/B = 9) than ccllulose nitrate (z/8 = 20)
and a smaller variation of responsce (Vv1%) to particles of a given ioniza-
tion rate than lexan polycarbonate (V3 to 8%). Commcrcially available
CR-39 is capable of recording protons of 1 MeV and bhelow as well as 6 MeV
alpha particles. Recently, it has been shown that CR-39 plastic can be
used as a detector to observe monoencrgetic protons with cnergics up to

7)
4.3 MevV'.

Constants for CR-39 Detector:

Density cees vees 1.32 gm/cma

Effective A/Z cenn ceen 1.877
¥
-
3
‘ -
N
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Velocity (B), LEnergy (E, MeV/amu), Effective Charge (chf), Rate of Loss

of Encrgy (dli/dx, MeV/cm) as a function of Heavy lon Range (R, cm)
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10N
RANGE
(CM)Y
.0025
.0050
.0075
L0100
.0200
.0300
.0400
.0500
.0400
L0700
.0800
N .0900
r"; .1000
S .1500
1 .2000
X .3000
.4000
.5000
6000
L2000
.8600
.9000
1.0200
L5000
2.0000
2.5000
3.660¢
3.5000
4.00%0
L0060
L0000
L0009
g 8.0000
- 9.0000
10,0000
$.0000
20.0000
30.0000

[ 4
<
6
’
,

RANGE
Is 1P
BETA
(W/0)
.0504
0423
0707
.0270
.0942
1057
L1143
.1218
.1280
.1335
.1384
.1428
1471
. 1644
1278
.1984
L2142

e 4

Cmat

L2339
.2484

e In

Sadl a
[ 4

£ 2652
A9

oalt -

3626
.3252
.3444
. 3607
.3749
.3873%
L4073
.427
.4440
.4584
L4714
.4832
.3393
29453
.8164

v

1
ENERGY
(MEV/ANY)
1.2

WMD) —
e 8 & ® o &

. a e & ®
-‘“bOOQNm.\JmO@b—-‘JO—.O—‘mM&Ob‘JOO‘J"J"JQUQ

e e

VWO WNOLLODDPDONUIIDONWWO 000NN

-—
O VO N D GGG I ) = =t s o
[« o]

116.6
124.6
132.4
167.2
192.7
251.3

LPERAL g A Y S

ZEFF

999
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.009
1.000
1.000
1.090
1.000
1.000
1.900
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.090
1.000
1.000
1.000
1.000
1.0¢9
1.000
1.000

~ENERGY DATA FOR CR-39

DE/DX

NEV/CH
300.008
224.37%
187.875
165,066
119.936
99.064
86.748
78.592
72.485
47,495
63.804
60.565
57.875
47.842
41.907
34.789
30.502
27,353
25.368
23.461
22.280
21.133
20.159
16.837
14.841
13.470
12.454
11.461
11.019
10.035
?2.305
8.735

8.275

7.892
7.548
5.482
5.798
5.007
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10N IS

RANGE
(cH)
+0023
.0030
.0073
0100
.0200
.0300
.0400
.0500
0600
+0700
.0800
+0900
. 1000
«1500
.2000
+3000
-4000
«3000
+6000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0000
$.0000
6.0000
7.0000
8.0000
9.0000
10,0000
15.0000
20.0000
30.0900

. T L ETRTT TR T

2 HE 3
BETA ENERGY
(V/C)  (NEV/ANU)
+0343 1.4
0677 2.1
07247 2.7
.0835 3.3
.1021 4.9
1144 6.2
.1239 7.2
1317 8.2
.1383 9.0
1442 9.8
1497 10.6
1546 11.3
1592 12.0
.1778 15.1
1922 17.7
2142 22.1
<2312 25.9
22452 29.3
.2372 32.4
2677 9.3
$2772 38.0
. 2857 40.5
.2936 42.9
3257 53.7
.3502 63.0
.3703 21.3
.3875 78.9
.4025 84.0
.4138 92.7
.4389 105.1
.4584 116.4
-4754 127.3
«49¢5 137.4
.5049 147,
L5143 136.2
.9653 1972.7
.6014 234.3
.6534 298.9

ZEFF

1.977
1.992
1.9946
1.998
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.090
2.000
2.000
2.000
2.000
.000
»009
.000
.000

S0 SR Iy |

B A

DE/DX
MEV/CH
1085.157

799.205

664.619

581.947

420.131

347.628

305.8480

276.970

255.431

233.324

224,074

212.215

202.142

187.483

146.912

122.027

107.050

$6.7461
89.128
83.170
78.3N
74.348
70.932
39.345
52.403
47.623
44,079
41.313
32.077
35.644
33.099
31.114
29.509
28.1725
27.045
23.194
20.885
18.139 -
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ION IS
RANGL
(CMy

.002%
.0050
0079
.0100
.0200
.0300
.0400
.0500
.0600
.0700
.0800
.0900

. 1000
1300
.2000
.3900
.4000
.5000
.6000
.7000
.8000
.3000
1.0000
1.5000
2.0000
2.3000
3.0000
3.5000
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.000¢
20.0000
30.0000

s

2 HE 4

BETA

v/e)
0497
.0620
0702
0767
0940
L1056
1144
1217
12729
.1334
.1383
.1427
1470
.1644
1778
.1784
.2142
2273
.2383
.2483
.23572
.2652
.2726
.3024
.3257
. 3444
.3607
<3749
. 3875
.4093
.4279
-4440
.4564
4714
.4832
.5303
.9653
<6164

ENERGY
(NEV/ANU)

Y I NP =t~ s .
m:gg;;j%ggtﬂgfh!oVMNQMPQO'O*OQ\J\J&M)L)P)
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>ESoDU NS NN A >
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124,
167,
197.

291.

-—
Gl
N

ZEFF

1.966
1.988
1.994
1.996
1.999
2.000
2.000
2.000
2.000
2.000
2.000

NI DM RN RO R
« s e s ® a e « & = =
(=]
>
[=4

BE/DX
NEV/CH
1229.573

908.803

7358.044

664.619

481,449

397.173

347.628

314.771

290.250

271.030

255.43)

242,436

230.853

191.452

167.483

139.187

122.027

110.235

101.484

94.453
89.128
84.537
80.442
67.352
59.365
53.882
49.816
46.644
44,079
40.140
37.220
34,941
33.099
31.569
30.272
23.848
23.194
20.030
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ION 1S
RANGE
(CH)

.0025
.0050
0073
.0100
0200
.0300
.0400
.0500
+0400
.0700
.08C)
.0900
.1000
1500
.2000
«3000
-4000
+3000
«6000
«7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0000
5.0000
46.0000
7.0000
8.0000
2.0000
10.0000
15.0000
20.0000
30.0000

J Ll
BETA
(v/C)
.05350
.0693
.0787
.0859
1052
.1180
1277
.1358
. 1424
. 1489
- 1545
1596
1643
.1835
.1983
2210
.2384
«2328
.2432
«2760
.2857
.2945
.3026
<3355
. 3607
.3813
.3989
.4142
L4279
.4514
4714
.4887
.3040
»3178
.5303
.9800
6164
6686

é
ENERGY
(MEV/ANU)
1.4

NV == 5O VNANWOND = NWOONI - O 0D JOWUNWNON
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.—‘QLJ;;*JN.G);\);JI&&L‘.\I0~*0—‘GJ-'NL’|O~\I\IU\MM~ON
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-
»n
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E 3

124.6
136.1
147.0
157.3
167.2
211.9
251.3
32

IEFF

2.903
2.960
2.978
2,984
2.994
2.998
2.999
2.99¢9
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.1900
3.000
3.000
3.000
3.000
3.000
3.000

DE/DX
MEV/CHM
2412.375
1741,232
1436.249
1252.4628

893.425

744,438

654,683

592.589

544,378

508.593

478,077

452,737

431,208

357.630

313.329

260,293

228,396

206.489

190.23¢9

177.959

167.303

158,784

151.55

126.9095

112,092

101,924

94.385
88.503
83.744
76.445
1.0
66.809
63,196
60,9561
58.158
49.91
45.048
39.239
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ION IS
RANGE
(CN)

.0025
.0050
.0073
0100
.0200
.0300
.0400
.0500
.0600
.0700
.0800
0900
-1009
.1500
.2000
+3000
.4000
«90C0
.4000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0000
3.0000
6.0000
7.0000
8.0000
9.0000
10.0060
15.0000
20.0000
30.0000

-----

3L

BETA

(v/C)
.0520
.0639
.0730
.0820
-1007
1130
1224
.1302
.1348
L1428
.1480
.132¢9
L1373
.1760
.1902
.2121
.228¢9
.2428
.2547
.2852
L2745
.2830
.2908
3227
.3470
.3470
.3840
.3989
4121
4359
. 4543
4714
.4863
.4993
L2
.9608
.5968
.6482

?
ENERGY
(NEV/ANY)
1.3

« . . § o o s
= »bODO =00 ~—~O0O

- —
- . O VOBV dLHUNON
L]

14.8

ZEFF

2.894
2.931

2.972
2.982
2.994
2.997
2.999
2.999
2.999
3.000
3.060
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.900
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000

DE/DX
HEV/CH
23592.289
1873.850
1545.303
1347.959

967.277

797.995

701.43¢9

434.801

585.193

544.378

913.474

486.215

443.073

383.942

334.318

279.267

244.944

221.372

203.885

190.239
179.201
170.032
162,255
135.720
119.726
108.832
100,716
94.385
89.245
81.40%
75.577
71.031
67.356
64.304
61.714
52.894
47.60%
1.7

108 1S
RANGE
{o,])

.0023
.0050
.0073
0100
.0200
.0300
.0400
0300
0600
0700
.0800
.0900
.1000
.1500
»2000

. 3000
«4000
«3000
.6000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2,5000
3.0000
3.5000
4.0000
5.0000
4.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000
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Y

4 BE 7
BETA ENERGY
(V/C) (NEV/ANU)
L0413 1.8
.0778 2.8
.0883 3.7
0946 4.4
L1181 )
.1322 8.2
-1430 9.7
.1522 11.0
. 1601 12.2
1671 13.3
1733 14.3
1789 15.3
«1842 16.2
«2054 20.3
.2218 23.8
.2469 29.8
<2462 J4.9
.2821 39.4
.2957 43.4
3074 47.5
.3183 S1.1
.3280 54.5
L3349 57.8
3729 72.4
.4004 85.0
.4228 9.4
.4413 106.8
. 4584 116.6
4731 125.8
.4984 142.9
<5197 158.7
.5331 173.5
.5543 187.4
.5488 201.0
.5819 213.9
.6335 272.3
+6707 324.2
.7230 4146.8

IEFF

BE/DX
NEV/CN
3653.686
2597.128
2124.253
1843.403
1322.149
1100.449

967.303

871.426

800.597

745.320

700.605

663.451

631.934

524.347

459.704

382.383

335.918

304.025

239.374

261.923

247.002

234,608

224,097

188.241

166.700

151.916

140.954

132.403

125.489

114.878

107.013

100.882

95.927
?1.814
88.329
76,475

49.397

61.028 .




10N IS
RANGE
(CH)

.0025
.0050
.0075
*  .0100
.0200
.0300

) .0400
! 20500
] .0600
! .0700
. .0800
s .0900
N .1000
.1500
.2000
.3000
4000
.5000
.4000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0000
5.0000
4.0000
7.0000
8.0000
. 9.0000
10.0000
15.0000
20.0000
30,0000

-4 SR Chaf il

Y e vV EWW

4 BE 9
BETA ENERGY
(V/C)  (NEV/ANW)
.0558 1.5
0216 2.4
.0818 3.1
.0895 3.8
.1099 5.7
.1233 7.2
. 1335 8.4
-1419 9.5
. 1493 10.6
. 1339 11.5
1617 12.4
. 1671 13.3
1220 14.1
.1920 17.7
.2074 20.7
23N 25.9
.2493 30.4
.2643 34.3
2771 37.9
.2884 41.3
.2985 44.5
.3076 A7.5
3160 50.3
.3502 63.0
.3763 73.9
.3927 83.7
.4158 92.7
<4314 101.1
.4437 109.0
-4700 123.8
.4905 137.3
.5083 150.1
«5240 162.1
L9381 173.5
.95509 184.5
»6014 234.3
.6382 278.3
.6907 356.4

ZEFF

(=}

7
0
A4
é

W
0 0 0 W0V~

86
3.993
3.996
3.997
J3.998
3.999
3.999
3.99¢9
3.999
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4,000
4.000
4,000
4.000
4.000
4.000
4.000
4.000
4,000
4.000
4.000
4.000

DE/DX
MEV/CH
4039.724
2943.804
2404,701
20846.457
1482.845
1232.901
1082.777

929.577

899.871

837.579

787.189

745.320

709.804

588.577

515.4695

428.534

376.151

340.192

313.525

292.721

275.892

261.923

250.071

209.441

185.352

168.481

156.320

146.4677

138.879

126.911

118.038

111.119

105.526

100.882

96.946
83.542
75.523
646.007
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ION IS
RANGE
(cH)

.0023
0050
.0075
0100
.0200
.0300
.0400
.0500
.0600
07200
.0800
.0900
.1000
1500
.2000
+3000
.4000
.3000
.6000
.7000
.8000
.9000
1.000v0
1.5000
2.0000
2.5000
3.0000
3.5000
4.00C0
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000

pre— e SEate Sunes. J

4 BE 10
BETA ENERGY
(V/C) (MEV/ANMU)
.0536 1.3
.0690 2.2
07291 2.9
.0866 3.5
10484 5.3
1197 6.7
1297 7.9
1379 9.0
. 1450 9.9
1514 10.9
1571 11.7
1623 12.5
<1671 13.3
.1866 16.6
.2017 19.5
« 2247 24.4
. 24235 28.4
2571 32.4
.26%6 35.8
+2806 39.0
.2905 42.9
. 2994 44.8
.3074 47.5
3419 59.4
. 3646 69.7
.3875 78.9
.4052 87.4
.4208 935.3
ERET 102.7
.4584 116.4
.47864 129.3
<4961 141.2
3115 152.5
.5254 163.3
«5341 123.5
.5881 220.1
.8244 261.2
.4270 334.90

ZEFF

DE /DX
MEV/CM
4203.918
3102,088
2534.4629
2195.341
1561.,924
1293.194
1135.409
1026.9354

945.1354
879.659

826.680
782.461
745.320
617.866
541.236
449.590
394.507
356.694
328.652
306.774
289.082
274.386
261.923
219.406
193.863
126.331
163.331
153.190
144,990
132.403
123.071
115.792
109.909
105.023
100.832

86.775

78.329

68.295
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10N 1§
RANGE
(CN)

.0023
.0050
0075
0100
.0200
.0300
.0400
0500
0400
0700
.0800
0900
.1000
.1500
.2000
. 3000
.4000
.5000
.4000
.7000
.8000
.9000
1.0000
1.5000
2,0000
2.5000
3.0000
3.5000
4.0000
$.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.0090
20.0000
30.0000

3B
BETA
(v/C)
.0584
0757
.0869
.0933
LA172
1315
L1424
L1514
1396
. 1645
.1728
.1783
.18327

.2050
2214

[ X4

.+ 2657
.2816
.2992
3071
.3178
L3275
«3383
L3724

.3798
.4222
4412
.4573
4725
4927
.5190
.95374
.53536
9481
.5812
.6328
6699
.7223

C atat e Sl dalfy

H
ENERGY
(NEV/ANU)

2) et el b e - -
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125.3
142.4
158.2
173.0
187.0
200.3
213.1
271.4
323.1
4135.3

ZEFF

4.630
4.828
4.895
4.928
4.973
4.986
4.9
4.994
4,996
4.997
4.998
4.998
4.799
4.999
9.000
9.000
5.000
9.000
5.000
3.000
5.000
9.000
5.000
5.000
5.000
3,000
3.000
5,000
5.000
5.000
5.000
9.000
5.000
5.000
5.000
5.000
9,000
5.000

DE/DX
HEV/CH
5578.838
4188.030
3409.299
2944.232
2089.734
1734.342
1521.906
1320.187
1250.041
1170.663
1100.045
1041,459

991.780

822,444

720.797

399.3466

526.445

476.411

439.317

410,383

384.987

3467.356

351,078

294.874

261,413

237.943

220,745

207,365

196.531

179.904

167,581

197.973

150.208

143.764

138.304

119.728

108,637

935.522
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ION IS
RANGE
(CH)

.0025
.00%0
<0075
0100
«0200
.0300
«0400
+0300
.0400
0700
.0800
,0900

. 1000
«1300
+2000
»3000
«4900
»9000
+6000
.7000
.8000
+9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.35000
4.0000
5.0000
6.0000
72.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000

4 C
BETA
v/
0062I’
.0813
.0934
1024
1241
Jd414
1935
1633
1720
1795
1862
$1922
. 1978
«2206
.2382
e 2¢50
.2855
« 3025
3169
#3294
3410
3912
<3604
3988
4278
.A514
4713
.4887
.9049
.9303
$ 93524
.5714
.3881
#6029
6164
6686
2059

L2575

12
ENERGY
(MEV/ANU)

2EFF

5.492

<735
5.848
5.894
3,958
5,927
3.984
5.990
5,993
5.995
5.9946
5.997
5,998
2.999
5.999
6.000
6$.000
6.000
6.000
4,000
6.000
6.000
$.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000
6.000

DE/DX
MEV/CA
7052.545
5264.838
4353.495
3751.410
2471.870
2215.305
1932.633
1739.349
1596.419
1485,546
1395.891
1321.525
1258.525
1044,037
915.450
761.981
549,384
$06.714
£59.892
523.375
493.852
469.333
448.541
377,634
335.044
305.824
284.159
267.243
253.4604
232.648
217,122
205.023
195.250
187,143
160.272
156.959
143,084
126,770




ﬁ IONIS 6C 13 IONIS 7N 14
\ RANGE  BETA  ENERGY  ZEFF  DE/DX RANGE  BETA  ENERGY  ZEFF  DE/DX
- (CH) (V/C)  (NEV/AMU) NEV/CH (CH) (V/C)  (NEV/ANU) NEV/CH
N .0025  .0607 1.7 5.451 7270.816 .0025  .0643 1.9 6.287 8866.284
0050 0790 2.9 5.732 S456.570 .0050  .0838 3.3 6.643 6429.791
0075 .0909 3.9 5.833 4537.091 0075  .0944 A4 4.772 5499,953
. L0100 .0999 4.7  5.882 3910.179 .0100  .1040 5.3 6.838 4795.725
0200  .1233 7.2 5.953 2774.453 0200 .1309 8.1  6.933 3421.947
.0300  .1383 9.0  5.974 2298.306 0300 1471 10.2  6.962 2822.330
.0400  .1501 10.7  5.984 2007.392 L0400 .1598 121 6.976 2459.733
.0500  .1598 12.1  5.989 1806.233 0500 .1702 13.8  6.983 2211.743
.0600  .1482 13.5 5.992 1657.707 0600 .1791 15.3  6.988 2029.357
.0700  .1755 14.7  5.994 1542.149 .0700  .1869 16.7  6.991 1887.449
\ .0800  .1821 15.8  5.995 1448.928 .0800  .1938 18.0  6.993 1773.437
; .0900  .1881 16.9  5.996 1371.59% 0900  .2002 19.2  4.994 1478.768
2 1000 1938 17.9  S.997 1306.090 L1000 .2060  20.4  6.995 1598.426
- 1500 L2159 22.5  5.999 1083.109 1500 .2297  25.6  6.998 1326.132
; L2000 2332 26.4  5.999  949.454 2000 .2479  30.0  4.999 1163.002
p- 3000 .2595  33.0  6.000 789.952 3000 L2757 37.5  7.000 948.493
- 4000  .2797  38.7 6.000 494.243 4000  .2971 44.0 7.000 851.852
g .5000 .29643  43.8  6.000 428.599 .5000 .3146  49.8  7.000 771.877
2 6000 .3105  48.4  4.000 579.944 6000 .3295  55.1  7.000 712.413
? 7000 .3230 2.7 6.000 541.999 2000 .3427  60.0  7.000  545.400
g .8000  .3341 56.8  6.000 511,322 .8000  .3544 4.5  7.000  429.042
5 9000  .3442  40.4 6.000 485.844 9000  .3650 9.0 7.000 598.018
1.0000 3535  64.3  6.000 464,241 1.0000 3747  73.2  7.000 571.713
’ 1.5000 .3910  80.6 6.000 390.563 1.5000  .4141 91.8  7.000 482,013
: 2.0000 .4196  94.7  6.020  346.313 2.0000 .4440  108.0 7.000 428.143
- 2.5000 .4428  107.4  6.000 315.949 2.5000 .4682  122.6 7.000  391.191
) 3.0000 .4425  119.1 6.000 293.438 3.0000 .4886  136.1  7.000 343.797
| 3.5000 .4796  130.0  6.000  275.881 3.5000 .5064  148.7 7.000 342.436
; 4.0000 .4948  140.3  6.000  261.487 4.0000 .5221  140.6 7.000 325.149
‘ 5.0000 .5208  159.6 6.000 239.908 5.0000 .5489  182.3 7.000 298.483
- 6.0000 .5426  177.4  6.000 223.770 6.0000 .3714  203.4  7.000 279.067
X 7.0000  .5615  194.1  6.000 211.193 7.0000 .5906  222.3 7.000 243.785
- 8.0000 .5780  209.9  6.000  201.032 8.0000 .6076  241.2  7.000  251.446
- 9.0000 .5923  225.1 6.000 192.401 9.0000 .4226  258.8 7.000 241.215
F 7 10,0000 L6062 239.6  6.000  185.440 10.0000 .6341  275.7 7.000 232.553
: 15.0000 .6583  305.8  4.000 141.195 15.0000 .6886  352.9 7.000 203.17%
3 20.0000 .4955  364.8  6.000  144.741 20.0000 .7257  422.2  7.000 185.739
: _30,0000 .7474  470.5  6.000 129.713 10.0000 .7766  S46.8  7.000  165.326
& P
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ION 1S 7?2 N 15 IONIS 80 16
RANGE BETA ENERGY 2EFF  DE/DX RANGE BETA ENERGY ZEFF  DE/DX
{(CH) (V/C) (MEV/ANU) MEV/CN (CN) (V/C) (MEV/ANU) MEV/CH
0025 .0425 1.8  6.240 9098.567 .0023  .0454 2.0 7.051 10806.409
.0050 .0817 3.1 b.616 6837.093 «0050 .0859 3.5 272.510 8097.150
.007%  .0942 4.2 4.754 5481.213 0075 09N 4.6 7.481 4717.998 .
0100 .103% 9.0 6.824 4972.070 0100 .1090 5.6 7.769 5853.541
L0200  .1283 7.8  6.927 3335.799 .0200 .1351 8.6 7.901 4239,938
0300 .1442 9.8 4.958 2918.528 0300 ,1522 11,0 7.943 3486.231
0400 1547 11.6 6.973 2541.486 .0400 .1454 13.0 7.963 3022,051 .
03500  .1469 13.3  4.981 2285.273 0300 .1742 14.8 7.974 2725.519
0600 1797 14.7 4.984 2094.408 0400 .1854 16.4  7.981 2499.575
.0200 ,1833 16.1  6.990 1949.735 0700 .1934 17.9  7.985 2324.344
.0800 .1902 17.3  6.992 1831.511 .0800 .2007 19.3 7.988 2183.248
0900  .1944 18.5 4.993 17331.551 0900 ,2072 20.7  7.990 2066.426
.1000 ,2022 19.6  6.995 1450.434 1000 .2132 2.9  7.992 1947.403
1500 ,225%5 24,6  6.998 1388.749 1500 .23r8 27.5  7.796 14632.050
2000  .2434 28.9 4.999 1200.071 22000 ,25484 32.3  7.998 1431.467
.3000 .2708 3.1 7.000 998.957 3000 .2853 40.4 7.999 1192.542
4000 .2918 42.4 7.000 878.349 «4000 ,3073 47.4 8.000 1049.371
.3000 .30 47.9 7.000 795.694 «3000  .3254 S3.4  8.000 951,244
.6000 .3238 93.0 7.000 734.431 6000  ,3408 39.3 8.000 878.544
.7000 L3367 57.8 7.000 486.461 7000  .3543 64.6 8.000 821,847
.8000 .3483 62.2 7.000 4648.04% 8000  .3464 69.6 8.000 776.053
9500 .3588 6.4 7.000 4615.978 9000 ,17273 74.3 8.000 738,011
y 1.0000 .3484 70.4 7.000 588.788 1.0000 .3873 78.8 8.000 705.758
- 1.5000  .4072 88.4 7.000 496.073 1.5000 .4277 99.0 8.000 575.789
o 2.0000 .4347 103.9 7.000 440.398 2.0000 .4583 116.5 8.000 529.766
; 2.5000  .44606 117.9  2.000 402,199 2.5000  .4831 132.3  8.000 484.474
E! 3.0000 .4808 130.8 7.000 373.883 3.0000 ,9040 146.9 8.000 450.907
B 3.5000 .4984 142.9 7.000 351.801 3.5000 .52 160.6 3.000 424,734
: 4.0000 ,5139 154.3 7.000 333.952 4.0000 .5380 173.5 8.000 403.583
g 5.0000 .5405 75.6 7.000 306.549 5.0000 .5453 197.7  8.000 371.144
o 6.0000 .5428 195.3  7.000 236.287 4.0000 .5880 220.1  8.000 347,130
. 7.0000 .5820 213.9  7.000 270.483 2.0000 .807% 241.2 8.000 328.428
Ll 8.0000 ,5988 231.5 7.000 257.72% 8.0000 .4246 261.2 8.000 313.334 -
*: 9.0000 .6138 248.3 7.000 247.13% ?.0000 .4398 280.4 8.000 300.823
- 10.0000 .4273 264.5 2.000 238.174 10,0000 .4534 298.8 8.000 290.236
tE 1.0000  .4797 338.3 7.000 207.758 13.0000 .7059 383.4 8.000 254,377
b~ 20.0000 .7148 404.3 7.000 189.433 20.0000 ,7427 459.3 8.000 233.152 .
;% 30.00C0  .7481 522.9  7.000 143,480 30.0000 .7928 596.3 8.000 208.419 -
=
4]
»
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X
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* ¥ X8 & a

10N IS

RANGE

(cH)
0025
.0030

<
0075

.0100
.0200
.0300
.0400
.0500
.0600
.0700
.0800
.0900
. 1000
. 1500
.2000
. 3000
«4000
.5000
. 6000
.7000
.8000
.9000
1.0000
1.5009
2.0000
2.5000
3.0000
3.5000
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
338.0000

9F

EETA
(V/C)
.0452
.0841
L0998
.1098
<1345
.1541
1877
.1787
.1882
L1944
.2038
L2105
L2186
L2414
.24607
.2899
.3123
.3304
.3443
.3400
L3722
.3833
.3934
.4343
.4453
.4903
5114
.5296
.545”
.5732
5961
L6157
.6323
.6480
L6814
7141
L7507

.8003

19
ENERGY
(NEV/ANU)
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ION 1S 10 NE 20

ZEFF  DE/Ix RANGE BETA ENERGY ZEFF  Li/Dhx
MEV/CH (CN) (V/C) (NEV/ANU) NEV/CH
7.730 13109.025 0023  .0474 2.1 8.4946 15004.318
8.323 9894.696 .0050 .0895 J.0  9.185 11312,617
8.548 8223.118 0075  .1034 5.0  9.450 9390.801
8.667 21469.1467 .0100 .1142 é.1 9.591 82146.437
8.851 52%55.799% 0200 1419 9.5  9.812 60246.241
8.912 4313.388 0300 .1806 12.2  9.889 4962.933
8.942 3748.433 0400 .1748 14.6  9.925 4312,279
8.958 3345.143 0500 .1863 14.&6 9.9448 3871.090
8.948 3083.359 0600 1941 18.4 9.939 J5446.844
8.975 2864.93% 0200 2047 20.2  9.963 3295.624
8.980 2691.504 .0800 .2124 21.7 9.974 3073.5M
8.984 2544.77 L0900 .2194 23.3  9.979 2928.027
8.987 2424.455 .1000 ,2258 24.7 9.982 2787.343
8.994 2009.875 .1300 ,2518 31.0  9.991 2311.045
8.994 1762.527 2000 .2717 J&. 4 9,995 2027.271
8.999 1448.280 3000  .3020 45.6 9.998 1489.958
8.999 1292.12% .4000 3252 53.5  9.999 1488.148
9.000 1171.452 .9000  ,3442 40.6 9.999 1349.945
9.000 1082.079 6000  ,3404 é72.1 10,000 1247.610
9.000 1012.41% .7000 3745 73.1 10,060 11467.852
9.000 956.113 .8000 .3872 78.8 10,000 1103.401
9.000 909.349 9000  .3984 84.2 10.070 1049.894
9.000 849.741 1.0000 .4091 89.3 10.000 1004.536
9.000 734,453 1.5000 .4512 112.3 10.000 849.933
9.000 453.565 2.0000 ,4830 132, 10,000 757.159
9.000 597.947 2.5000 .5087 150.4 10.000 693.53¢
9.000 556.732 3.0050 ,5302 167.1 10,000 6446.398
2.000 524.600 3.5000  ,548¢ 182.8 10.000 609.458
9.000 498.435 4,0000 .5453 197.6 10.000 S79.975
9.000 453,822 5.0000 .5932 229.4 10.000 534.480
9.000 429.13152 6.0000  ,4163 291.3 10.000 500.823
7.000 406.407 72.0000 .4361 275.6 10,000 474,434
9.000 357.893 8.0000 .4534 298.8 10.000 453.516
9.000 372.551 9.0000 .6436 321.0 10.000 434.027
9.000 399.572 10.0000  .4823 342.5 10.000 421,243
9.000 J15.641 15.0000 .7345 440.9 19.000  371.3190
?.000 289.479 20.0000 .7704 529.8 10.000  341.9313
9.000  259.503 30.0000 .8189 691.4 10.000  393.04%
269




RANGE
(cM)
.0025
.0050
.0075
.0100
.0200
.0300
.0400
.0500
.0600
0700
.0800
.0900
.1000
.1500
.2000
.3000
.4000
.5000
.6000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
1.5000
4.0000
5.$000
6.0000
2.0900
8.0000
g ©.0000
2 10,0000
15.0000
20,0000
30.0000

)
2"

Yl ekt

[ ] B R

10N 1S

_________

10 NE 21
BETA ENERGY
(V/C) (MEW/ANU)
.0842 2.0
.0879 3.6
.1018 4.9
1123 5.9
1399 9.2
.1383 11.9
1723 14.1
.1837 1.1
1935 17.9
42020 19.6
. 2096 21.2
. 2145 22.6
.2228 24.90
. 2485 30.2
.2682 35.4
.2982 44.4
L3211 52.1
<3399 59.0
<3560 65.3
.3790 PRI
3825 76.6
.3738 81.9
.4042 86.9
.4440 109.2
LA775 128.6
«35030 144.2
<9244 162.4
.O429 177.6

9592 192.1
.5870 219.0
5101 244.1
.6298 2672.7
+6471 290.1
.6623 311.8
6799 332.4
.7282 A27.5
7645 513.4
.8133 669.2

ZEFF

8.434
9.147
9.423
9.570
9.801
9.881
9.920
9.942
?.934
9.965
9.972
9.927
9.981
?.991
9.993
9.998
9.99¢9
9.999
10.000
10.000
10.000
10.000
10.000
10.000
10.000
10.000
19.000
10.000
10.000
10.000
10.000
10.000
10.000
10.000
10.000
10.000
10.000
10.000

DE/DX

MEV/CH
19268.434
11559.312
9609.070
8396.193
6159.583
5003.397
4415.912
3963.208
3630.628
3372.985
3165.795
2994.477
2851.547
2363.382
2072.393
1727.085
1520.414
1378.898
1274.117
1192.457
1126.4M1
10 1.491
LJ.‘SS
8466.9846
772.004
706.869
658,609
620.991
590.598
544,009
509.a36
482.708
461.069
443,146
427.991
376.769
J446.588
311.487

270

ION IS 10 NE 22
RANGE BETA ENERGY
(i) (V/C)  (MEV/AMU)

0023 L0449 2.0
0050  .0863 3.5
0075  .1002 4.7
0100 1104 5.7
0200 .1379 9.0
0300  .1541 11.6
0400 .1700 13.8
0500 .1813 15.7
0600 .1910 17.5
0700  .1994 19.1
L0800  .2069 20.4
0900  .2132 22.0
1000 2200 23.4
1500  .2454 29.4
2000 24849 34.5
3000  .2944 43.2
.4000 .3173 50.7
.5000  .3359 37.3
.6000 .3518 63.6
7000 3457 69.3
.8000 .3781 74.7
9000 .3893 79.8
1.0000 ,.3994 84.6
1.5000  .4411 106.4
2.0000 .4723 125.3
2.5000 .4974 142,
3.0000 .5189 158.1
3.5000 .3373 172.9
4.0000 .533% 186.9
v.0000 .5812 213.1
6.0000 .6042 237.4
72.0000 .6239 260.3
8.0000 .6410 282.1
9.0000 .4563 302.9
10.0000  .4499 323.0
15.0000 .7223 415.2
20.0000 .7587 498.3
30.0000 .807¢9 648.9

2EFF

8.374
7.109
9.393
9.549
9.770
9.874
?.714
9.938
9.952

9.999

9.999

9.999
10.000
10.000
10.000
10.000
10.000
10.000
10.000
10.000
10.090
10.000
10.000
10.000
10.9000
10.000
10.000
10.000
10.000
10.000
19.000

DE/DX

HEV/CH
514,993
ll’?;.‘38
9820.414
83546.643
6289. 87

$201.179,
4517.030

4053.252
3712.512
J448.583
3236.365
30460.908
2914.277
2414.431
2114.338
1763.320
1331.900
1407.149
277.980
1215.443
1143.978

1092.936,

1045.468
683.417
786.487
719.8727
670.522
632.050
600.964
533.308
518.041
490.590
468.445
450.098
434.583
382.108
351.149

315,262
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10N 1S
RANGE
(cH)
.0025
.0050
0475
«  .0100
.0200
.0300
.0400
.0500
.0600
.0700
.0800
.0900
-1000
.1500
.2000
.3000
.4000
.5000
.6030
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0000
5.0000
6.0000
7.0000
8.0000
. 9.0000
10.0000
15.0000
20.0000
30.0000

-

11 NA 23

BETA

v/e)
0671
.0895
.1038
1147
1430
1620
1745
.1883
.1983
.2071
L2149

119

2285
L2549

.2"5‘

. 3058
.3293
. 3485
. 3649
.3792
.3920
.403%
4141
4567
.4887
.5146
L5363
<9351
L5715
5998
L6228
6427
6599

47352

.6888
7409
.7768
.3247

ENERGY

(NEV/aH)
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308.2
33t1.2
353.4
455.3
547,
715,
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ZEFF

9
9

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
1
i1
1
11
11
11
11
1t
1
1"
11
11
11
1A
LAl
1
1
11

112
.952
10.282
.460
.743
.844
.894
922
.740
952
.961
.748
.973
-936
-992
996
.998  1762.264
.999

.000
.000
.000

.000

DE/DX

MEV/CH
17514.147
13307.453
11066.512
9693.305
7114.703
5898.769
5122.542
4596.479
4210.095
3910.898
3670.381
3471.572
3303.655
22372.,798
2400.9460
2001.188

1598.740
1477.498
1383.384
1307.183
1243.930
1190.317
1007.619
898.004
822.848
7267.174
723.785
488.73%
635.023
595.294
564.392
539.478
518.851
501.419
442.590
408.036
368.294

999
.799
.000
.000
.000

.000

.000
.000
.009
.000
.000
.000
.000
.000
.000
.000

LT T
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S

10N 15
RANGE
(cH)

.0025
.00350
.0075
.0100
0200
.0300
.0400
0500
.0600
.0700
.0800
0900
.1000
.1500

« 2000
+3000
.4000
»9000
.6000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000

M S PR ey

12 86 24

BETA ENERGY ZEFF
(V/C)Y  (HEV/ANUY)

.0491 2.2 9.83%
.0923 4.0 10.784
.10.12 5.4 11,160
.1184 6.6 11.344
.1478 10.3  11.693
<1473 13.3 11.312
.1825 15.9 11.870
1947 18.2 11,904
.2051 20.2 11,924
.2142 22.1 11,944
£2223 23.9 11.952
.2296 25.6 11.940
.2363 27.1 11.946
.2636 J4.1 11,983
.2845 40.1 11.990
3162 50.3 11.995
<3403 59.1 11.977
. 3601 67.0 11.993
3770 74.2 11.999
3917 80.9 11.999
.4048 87.2 11.999
41487 93.2 12.000
<4275 98.9 12.000
AR 124.5 12.000
.5033 146.8 12.000
.9302 167.0 12.000
93522 185.8 12.000
L9713 203.3 12.000
.5880 220.0 12.000
61483 251.2 12,000
6397 280.3 12.000
L6597 307.8 12.000
467720 334.0 12,000
«6922 359.1 12.000
.7058 383.3 12.009
7375 495.1 12.000
7927 996.4 12.000
.8393 781.8 12.000

g Ty

IPE/DX

MEV/CH
19567.597
14866.533
12332.606
10856.891
7932.470
4579.700
5751.282
5160.875
4726.995
4391.245
4121,399
3898.387
3710.058
3074.400
2696.767
2248.990
1981.554
1798.580
1663.169
1557.676
1472.453
1401.718
1341.744
1137.505
1014.984
930.999
868.800
820.338
781.202
721.251
6726.938
642,489
614,734
391.776
572.388
507.108
448.936
A20.432




JON IS a2 M6 a5 ION IS 12 NG 26

RANGE BETA ENERGY ZEFF  DE/DX RANGE BETA ENERGY 2EFF  DE/DX

(CH) (V/C) (MEV/ANY) MEV/CM {CN) (V/C) (MEV/ANY) HEV/CN
0023 .0478 2.1 9.766 19839.447 0025  .0646 2.1 9.497 20097.899
0050  .0909 3.9 10.740 15134.529 0050  .0899 3.7 10.696 15394.107
0075  .1057 5.2 11.127 12592.158 00723  ,1042 J.1 11,095 12825.347
0100 .1148 d.4 11.337 11054.286 0100 ,1152 6.2 11,312 11244.907
0200 .1440 10.1 11,4679 8105.257 0200 .1441 9.8 11,843 82641,441
0300 .14355 13.0 11.802 4706.548 0300 .1435 12,7 11,792 4830.754
.0400 .1803 15.5 11.863 $5847.013 .0400 ,1782 15.2 11,856 5980.404
0500 19235 7.7 11.899 5243.595 L0500 ,1903 17.3 11.893 5364.582
0600 .,2028 19.8 11.921 4820.528 0600  ,2009 19.3 11.917 4912,295
0200 .2118 .6 11,937 4477.547 0700  ,2094 21,1 11,933 4542.212
0800 .2198 23.3 11.949 4201.918 .0800 .2174 22,8 11.945 4290.902
0900 .2271 25.0 11,9597 3974.148 0900 2244 24.4 11,954 4049.457
L1000 L2337 26.5 11.944 3781.817 L1000 2312 25.9 11,9481 3852.195
1500  .2408 13.4 11,981 3131.425% L1500  ,2581 32.4 11.980 3188.428
2000  .2814 39.2 11.989 2747.075 .2000 ,2785 38.4 11.988 2794.391
3000 .3128 49.2 11.993 2290.103 .3000 ,3097 48.1 11.994 2330,392
4000  .3348 57.8 11.977 2017.242 .4000  ,3335 56.5 11,997 2052.210
5000  .35464 45.5 11.998 1830.581 5000 ,3529 64.0 11,998 1841.933
6000 37N 72.3 11,999 1692.453 .4000 3495 70.9 11.999 1721.141
7000 .3878 79.0 11.999 1584.850 7000 .3840 77.3 11,999 14611.468
.8000 .4008 85.2 11.999 1497,924 3000 ,3949 83.3 11.999 1522.87%
9000 .4125 91.0 12,000 1425.279 .9000  .4084 89.0 12,000 1449,348
1.0000 .4233 96.6 12.000 1364.433 1.0000  .4193 94.5 12.000 1387,032
1.5000  .4464 121.6 12,000 1156.309 1.95000  .4423 118.9 12,000 1174.728
2.0000 .4991 143.4 12,000 1031.352 2.0000 .4944 140.2 12,000 1047,38°
2.5000 .5253 163.1 12.000 945,495 2.5000  .5204 139.5 12.000 969.089
3.0000 .5473 181.4 12,000 882,253 3.0000 .5425 172.3 12,000 895.431
J.5000 .5662 198.3 12.000 932.820 3.5000 .5613 194.0 12.000 845,049
4.0000 .5828 214,8 12.000 792.897 4.0000 ,5779 209.8 12.000 804.355
5.0000 .51 245.,2 12.000 731,733 3.0000  ,4061 239.5 12,000 742,004
4.0000 .4345 273.5 12,000 484.514 6.0000 ,6274 267.1 12,000 495.900
7.0000 L4544 300.2 12,000 451,354 72.0000 .6493 293.2 12,000  4460.044
8.0000 .&6717 J25.7 12,900 623,022 8.0000 .4644 J18.0 12,000 431.144

9.0000  .4849 330.1 12.000 599.577 9.0000 ,.4818 341.8 12,000 407.22
10.00C0  .7004 373.7 12,000 S579.774 10.00CS L6955 364.7 12,000 587.020
15.0000 .7523 432.3 12,000 513,048 13.0000 .7474 470.4 12.000 518.883
20.0000 .8 980.7 12.000 473,986 20.0000 .7831 966.1 12,000 48,934
J0.0000 .8349 7860.4 12,000 429,317 J0.0000 .8305 740.5 12,000 433.13%
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ION IS 13 AL 28 ION IS 13 AL 27

RANGE ~ BETA  ENERGY  ZEFF  DE/DX RANGE ~ BETA  ENERGY  ZEFF  DE/IX

(cH) (V/C)  (NEV/AKD) NFV/CH (M) (V/C)  (NEV/ANU) HEV/CH
L0025 0696 2.3 10.449 21942.438 .0025  .0484 2.2 10.395 22235.444
.0050  .0935 4.1 11.557 14758.990 .0050  .0921 4.0 11.509 17036.333
0075 .1088 5.6 11.993 13933.706 L0075 .1073 5.4 11.958 14183.064
. -0100 .1203 6.8 12.231 12270.910 .0100  .1187 6.6 12,203 12476.574
0200 1505 10.7 12.622 8983.908 0200  .1487 10.5 12,606 9143.244
L0300 .1706 13.9 12.765 7434.193 0300 .1497 13.5 12,754 7544.510
.0400  .1859 16.5 12.836 6499.121 0400  .1839 16.1 12,828 6614.470
L0500  .1984 18.9 12.878 5855.297 L0500  .1943 18.5 12.871 5943.303
0600 2091 21.0 12.905 5342.483 L0600 ,2049 20.6 12.900 5440.818
L0700 .2184 23.0 12.923 4981.401 0700 2141 22.5 12,919 S071.927
L0800  .2247 24.9 12.937 4475.034 0800  ,2243 24.4 12,933 4759.477
L0900  .2342 26.6 12.947 4421.902 .0900  .2318 26.1 12,944 4501.33S
L1000 .2411 28.3 12.935 4208.181 L1000 2386 27.7 12,952 4283.403
1500 L2690 35.8 12.977 3485.645 1500 .2663 34.9 12,975 3546.777
22000 2902 41.9 12.986 3057.772 2000  .2874 41.0 12,985 3110.449
3000 .3225 52.6 12.993 2550.404 3000 3194 51.5 12,993 2593.414
.4000  .3472 a1.8 12,996 2247.460 <4000  ,3439 60.5 12,996 2284,972
.5000  .3673 70.0 12.998 2040.4632 5000 3438 68.5 12,997 2074.076
.6000  .3845 77.5 12.998 1887.448 8000  .3809 75.9 12.998 1913.045
7000 3994 84.5 12.999 1768.169 .7000  .3957 82.8 12.999 1794.555
.8000  .4128 91.2 12.999 14671.808 .8000  .4090 89.2 12,999 1498.413
.9000  .4248 97.4 12.999 1591.839 9000 .4209 95.4 12.999 1616.948
1.0000 .4358  103.4 13.000 1524,049 1.0000  .4318  101.2 12.999 1547.948
1.5000  .4800  130.3 13.000 1293.213 1.5000  .4758  127.5 13.000 1312.844
2.0000 .5'31  153.7 13.000 1154.779 2.0000  .5087  150.4 13.000 1171.862
2.5000 .5398  175.0 13.000 1059.908 2.5000  .5352  171.2 13.000 1075.242
3.0000  .5620  194.6 13.000 989.641 3.0000  .5574  190.4 13.000 1003.494
3.5000  .5812  213.1 13.000 934.940 3.5000 5765 208.4 13.000 947.959
4.0000 .5981  230.7 13.000 890.758 4.0000  .5933  225.6 13.000 902.954
5.0000  .4145  263.6 13.000  823.100 5.0000 6217 257.7 13.000 834.025
6.0000  .6500  294.2 13.900 773.112 6.0000  .6452  287.4 13.000 783.089
7.0000  .6700  323.2 13,000 734.270 7.0000 L6651 315.8 13,000  743.502
8.0000 .6873  350.3 13.090 702.974 8.0000  .4824  342.7 13.000 711.418
9.0000  .7026  377.3 13.000 677.133 9.0000 6977  368.4 13.000 685,248
©10.0000 7141 402.9 13.090  455.306 10.0000  .7113  393.5 13.000 642.98
15.0000 .7674  S21.2 13.000 581.943 15.0000  .7427  508.7 13.000 588.099
20.0000 .8023  428.6 13.000 539.217 20.0000  .7978  413.2 13,000 S44.411
30.0000 .8480  825.7 13.000  490.805 30.0000  .8439  804.6 13.000 494.754
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RANGE
(£N)
.0025
.0030
00735
0100
«0200
.0300
.0400
.0500
.0600
.0700
.0800
.0900
-1000
.1500
.2000
«3000
. 4000
.5000
.6000
.7000
.8000
.9000
1.0000
1.35009
2.000%
2.5000
3.0000
3.500v
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000

" e .
......
» -

10N IS

14 51 28

BETA

(v/C)
.0700
0945
1102
.1220
.1530
21735
.1891
.2019
.2128
.2223
.2308
.2384
»2455
.2739
. 2956
.3285
. 3336
3741
<3915
. 4067
.4202
.4324
.4436
.4884
LA219
.5487
L5212
.5905
6074
.6360
4596
6796
6969
N
L7256
W 7783
.8110
.8558

ENERGY

(NEV/ANU)

2'3
4.2
5.7
7.0
1.1
14.3
17.
19.6
21.8
23.9
2‘.

M 2

29.4
37.0
43.6
54.7
64.3
72.9
80.8
88.1
95.0
101.5
107.8
135.9
160.4
182.7
203.3
222.7

rT L Y]

241,90
275.5
307.7
338.2
3467.2
393.1
422.1
48.7
660.2
868.9

o

AT T . . .
2 PO W W SR S W W TP U W

LEFF

11.079

12.313

12.812
13.087
13,543
13.712
13.79?
13.847
12.680
13.903
13.920
13.933
13.942
13.970
13.781

13.991

13.993
13.997
13.998
13.998
13.99¢9
13.999
13.999
14.000
14.000
14.000
14,090
14.009
14.000
14.000
14.000
14,000
14.000
14.000
14.000
14,000
14,000
14.000

DE/DX
MEV/CH

24421.671
18723.077
15577.907
13744.305
10058.955
8324.988
7278.7146
6560.044
6027.382
5598.521
9253.988
4969.369
4729.107
3917.193
3435.023
28465.904
2526.238
2291.082
2122.383
1988.679
1880.700
1791.101
1715.178
1456.608
1301.601
1195.3¢%2
116,775
1055.544
1006.116
930.449
874,571
831.173
796.247
767.384
743,033
641,347
613.947
560.597

274

Ion 15 1S P 31
RANGE BETA ENERGY
(CN) (V/C)  (MEV/ANU)

0025  .0693 2.2
0050  ,0942 4.2
0073 1102 3.7
0100 ,1222 7.0
»0200 ,1336 11.2
0300 .1745 14.5
.0400 .1903 17.3
0300 ,2032 19.8
0600 .2142 22.1
0700  .2239 24.2
0800  ,2325 28.2
0900 2402 28.1
1000 ,2473 29.9
L1500 L2742 7.2
2000 ,2981 44.4
.3000 ,3313 35.7
.4000  .33544 65.3
5000 .3773 74.3
.6000 3949 82.4
2000  .4102 89.8
.B00Q  .4238 96.9
L1000 .4361 103.6
1.0000 .4174 110.9
1.5000 .4924 138.7
2.0000  .5261 163.8
2,5000  .5531 186.5
3.0000 .5757 207.6
3.5000  .5951 227.4
4.00€0 6120 244.3
9.0000 ,6407 281.46
6.0000  ,6443 314.4
7.0000  .4843 J4s.8
B8.0000 .7014 375.5
9.0000 7147 404.1
10.0000  .7302 431.8
15.0000 .7819 959.7
20.0000 .81%1 676.3
30.0000  .8394 890.9

IEFF

11.538
12.999
13.578
13.898
14.438
14,640
14.743
14.80%
14.846
14.875
14.896
14.712
14.924
14.959
14,974
14.987
14.993
14,995
14.997
14.998
14,978
14.99¢y
14.999
15.000
15.C00
15.000
15.000
15.000
15.000
15.000
15.090
13.000
15.000
13.000
15.000
15.000
15.000
15.000

DE/DX
MEV/CN
27205.675
21048.720
17550.231
15496.013
11347.990
9393.438
8213.786
7403.235
6802.33¢
6340.300
5949.347
5626.479
S153.964
4433.503
3887.254
3241.827
2837.415
2374.860
2400.765
2249.646
2127.647
2026.451
1940.496
1643.718
1473.739 -
1353.824
1265.157
1196.073
1140.314
1054.972
991.9%6
943.047
903.488
871121
841,791
751,835
678.409
438.915




l.,..‘, T PAumin Sinre et Sngt Sndd Mnul Sash Hhed S SR daf. S il A CHM it g 4 Pt Saarh Man i Anadn Jnats BRaill Saagh S -t uih g P ey

ION IS 16 S 32 ION 1S 17 CL 3%
RANGE KETA  ENERGY  ZCFF  DE/DX KANGE  BETA  ENEKGY VU A 1
(cH) (V/C)  (NEV/ANU) MEV/CH (cM) (V/C)  (MEV/ANL) ME /CH
L0005 L0007 2.3 12,235 29499,179 L0025 L0499 2.3 12,497 32341.05
L0050  .0944 4.4 13.775 22851.555 L0050  .0940 4.3 14,425 29315.949
L0075 .1128 6.0 14,410 19094.944 L0075 L1127 6.0 15.145 21200.317
. L0130  .1250 7.4 14.743 16840.812 L0100 .1291 7.4 15.548 187315.249
L0200  .1574 11.8 15.343 12334.51% .0200  .1580 1.8 16.239 13214.043
L0300 .1788 15.2  15.588 10211.133 L0300 .1794 15.4  16.503 11356.970
L0400  .!950 18.2 15.705 8929.726 .0400  .1940 18.4 16.640 9932.552
.0500  .2082 20.9 15.775 8049.623 L0500  .2094 2001 16,723 8994.045
L0600  .2195 23.3 15.821 7397.273 .0600  .2203 23.6 16.779 824,75
L0700 .2294 25.5 15.854 4888.7752 .0700  .2308 25.8  16.818 7463.360
.0800  .2382 27.6 15.878 6484.780 L0800  .2396 27.9 16.847 2204.547
L0900 .2462 29.6 15.894 6133.319 L0900  .247> 30.0 16.370 4027.444
L1000 L2535 31.4 15.911 5836.703 1000 .2551 31.9 16.887 4510.134
L1500 .2830 39.7 15.951 4834.942 L1500 .2850 40.3 16.937 S391.412
L2000 .3055 46.8 15.969 4240.598 .2000  .3077 47.5 16.960 4723.280
.3000  .3395 £8.8 15.985 3537.283 .3000  .3420 59.7 16.980 3943.767
.4000  .3453 69.1  15.991 3119.667 .4000  .3481 70.3  14.988 3476.649
.5000  .38644 78.4 15.994 2834.120 .5000  .3853 79.8 16.992 3159.073
.6000  .4043 86.9 15.996 2623.082 .6000  .4074 88.4 14.994 293,915
L7000 .4200 94.9 15.997 2458.824 7000 .423% 96.5 16.996 2740.944
.8000  .4339 102.3 15.998 2324.219 .8000  .437 104.1  16.997 2593.267
L9060 .4444 109.4 15.998 2216.216 L9000  .4497 111.4  14.998 2470.786
1.0000 .4578 114.2 15.999 2123.025 1.0000  .4412 118.3 16.998 2347.038
1.5000  .5034 146.7 15.999 1905.798 1.5000 .50 149.3  16.999 2012.977
2.0000  .5377 173.3  16.000 1615.743 2.0000 .S415 176.5 17.000 1802.532
2.500) L5851 192.5 16.000 1485.400 2.5000  .5489  201.1 17.000 1657.745
3.0000 .5878  219.9 146.000 1389.297 3.0000  .3918 224,00 17.000 1550.644
3.5000 .4074  241.0 14.000 1314.330 3.5000  .6114 245.5  17.000 1467.305
4.0000 .4745  261.0 146.000 1253.842 4.0000  .6235  264.0 17.000 1400.056
5.0000  .4533  298.7 15.000 1161.307 5.0000 L4573 3104.4 17,000 1297.200
6.0000 .4,89  333.9 16.000 1093.039 6.0000 .6810 340.4 17.000 1221.339
J.0000 4949 362.2 146.000 1040.073 2.0000  .7099  374.4 17.000 1162.501
9 8.0000  .7141 399.0 16.000  997.494 8.0000 .7181 406.9 17.000 1115.214
L . 9.0900 .7272 429.6 156.000  942.346 9.0000 .7332 438.2 17.000 1076.193
4 10.0000 .42 459.2 16.000 93..73% 10.0000  .7464 448.5 17.000 1043.32%9
. 15.0000 .72927  5946.4 16.000 833.742 15,0000  .7965  &99.8 17.00)  533.074
- 20,0000  .8262  221.8 14.000 276.7%6 20.0000  .8298 73704 17,000 870.5390
- 30.0000  .3594 53.95 16.000  713.543 30.0000  .8.726 94,9 17,000 300.578
s .
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o IS
RANGE
)

L0025
0050
L0075
0100
.0200
.0300
.0400
.0500
0400
0700
.08G0
.0900
.1000
15690
.2C090
L3000
.4000
L5000
6009
7000
.8009
L9000
1.0000
1.5000
2.0000
2.,5000
3.0009
3.5000
4,0000
5.000Q
6.0000
70000
8.000¢
¥.0030
10.0G090
15.000y
20.0000
35.0000

18 R34
BETA ENERGY
(W/C)  (HEV/ARY)
0N 2.4
.09.8 4.9
L1149 4.2
1277 7.7
1614 12,4
.1835 18.1
.2003 19.3
.2130 2241
L2234 24,4
.2358 22.
<2449 29.2
R 31.3
L2604 33.3
2912 42.2
L3144 49.7
<3494 62,4
3739 73.7
. 3974 83.7
<4159 92.8
.4319 101.3
<4442 109.3
.4570 116.9
L4704 124.2
.9173 1536.9
.3220 185.5
.3794 d11.48
.6027 235.7
6224 238.5
6394 280.1
6885 320.5
L6921 358.9
2120 395.0
L7292 429.5
441 462.8
7574 194,9
8067 644.4
.8393 781.4
8809 1036.2

ZEFF

13.31

153175
15.954
14.394
17.152
17.442
17,594
17,688
12.748
17.792
17.825
17.830
17.870
17.927
17.933
17,974
17.985
17.990
17.993
17.994
17.996
17,997
17.998
17,999
17,999
18.000
18.060
15.000
18,000
18.000
18.000
18.000
18.000
18.000
18.000
18.000
18.009
18.000

LE/DX
MEV/CM
34738.415
27224.504
226844.,275
20191,112
14749.619
12230.434
106927.739
9645.095
8864,931
256.835
7765.264
7357.889
7012.467
5822,592
5107.827
4262.610
3759.428
3416.842
3163.554
2966.500
2807.481
2875.609
2563.919
2183,918
1956.419
1800.799
1635,530
1395.948
1523.687
1413.20
1331.809
1268.715
1218.052
11724.282
1141,136
1024,10%
957.313
884,421

276

108 1S
RANGE
cH)

.0025
0030
.0073
0100
.0200
.0300
.0409
.0500
.0600
.0700
.0800
0900

. 1000

. 1500
2000
.3000
.4000
.3000
+6909
.7000
.8000
.7000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0009
S.0000
6.0000
7.0000
8.0000
9.0009
19.0000
15.0000
20.0009
30.0000

18 AR 38
BETA ENERGY
(W/C)  (NEV/ANY)
0691 2.2
0954 4.3
L1124 6.0
. 1232 7.4
. 1586 11,9
. 1805 15.5
1971 18.4
2106 21.4
L2221 23.9
.2322 28.2
2412 28.3
« 2493 30.4
«2547 32.3
<2849 40,9
.3099 48.2
<3445 60,7
3708 71.5
3923 8t.1
<4104 90.0
.4243 98,2
.4404 106.0
.4530 113.3
.4644 120.4
.3109 152.0
-5454 179.7
L5729 204.9
»9958 228.3
.4154 250,2
6324 271
44135 310.4
.6851 3471
. 7051 391.9
L2222 415.2
.373 447.2
7506 478.1
.8003 621.3
.8234 753.5
L8757 99.7.2

ZEFF

13.135
13.095
15.864
16.318
17.109
17.409
17.568

17.666

A7

12.278
17.813
17.839
17.860
17.921
17.947
17.974
17.984
17.989
17.992
17,994
17.994
12,992
12,997
17.999
12.999
18.000
18.000
18.000
18.009
18.000
18.000
18.000
18.000
18.9000
18.000
18.000
18.000
18,000

DE/DX
NEV/CH
35228.318
27844,277
23349.675
20670.419
15144,487
12542,328
10970115
9889.929
7089.17¢9
8464,975
7960,4356
73542.,134
2187.514
5969.110
5234.258
4365.561
3248.352
3493.734
236,309
3033.91¢6
2870.614
2735.209
2620.516
2230.354
1996.7°7
1835,890
1718,629
1626,600
1552,3¢47
1438.834
1355.162
120,247
1238.133
1195.124
1158.915
1038,117
9463.88%
892.73>

g
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0N 15

RANGE
(CH)
G025
.0050
.0073
0100
.0200
.0300
.0400
.0500
.05600
0700
.0800
.0900
.1000
<1500
«2000
-3000
<4000
-3000
.6000
. 7000
.8000
-9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.3000
4.0000
3.0000
$.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000

18 AR 40
BETA ENERGY
(V/C)  (MEV/ANW)
L0673 2.1
0936 4.1
1104 3.7
L1229 7.
L1359 11.5
776 15.0
.1940 18.0
.2074 20.7
.2188 23.1
.2288 25.4
.2377 27.5
. 2457 29.9
. 2531 31.3
.2830 39.7
<3057 44.8
. 3400 99.0
. 36460 49.4
.3872 0.8
.4053 87.4
.4210 95.4
.4349 102.9
4475 10.14

4590 116.9
.5049 147.6
93N 174.4
<9643 198.8
.3893 221.4
.6089 242.7
.62460 262.9
.6548 300.9
.6785 334.3
.6984 3469.9
157 402.0
.7303 432.9
L7341 462.8
L7742 601.,2
.827 727.8
.8707 941.8

2EFF

12.944
14.937
15.773
16.244
17.059
17.374
17.543
17.645
17.714
12.763
17.890
17.828
17.850
17.915
17.945
17.971
17.982
17.988
17.992
17.994
17.995
17.994
17.997
17.999
17.999
18.000
18.000
18.000
18.000
18.000
18,000
18.000
18.000
18.000
18.000
18.000
18.000
18.000

DE/DX
NEV/CH
3546469.3946
234“7.286
238/ .‘L
21133.625
15508.841
12845.550
11235.059
10128,127
9307.397
8647.534
8150.528
7721.458
72357.888
6111.9346
9357 .473
44435.858
3935.3358
3573.400
3307.137
3099.556
2932.078
2793.211
2675.609
2275.553
2034.054
18/‘.113
750.834
1656.449
1580.301
1463.833
1377.926
1311,
1257.726
1213.519
1176,282
1091.85
980.284
901.024

277

ION IS

RANGE
(CM)
.0025
.0050
20073
.0100
.0200
.0300
.0400
.0500
.0600
0700
.0800
.0900
«1000
.1500
«2000
«3000
-4000
.3000
«6000
-7000
.8000
.9000
1.0000
1.5000
2.0000

4.0000
3.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000

19 K39
BETA ENERGY
(V/C)  (MEV/ANL)
.0702 2.3
0974 4.4
1148 6.2
277 7.7
1619 12.4
. 1842 16.2
.2012 19.4
.2150 22.3
. 2267 24.9
.2370 27.3
.2462 29.6
.2545 3.7
2621 33.7
.2929 42.7
3143 950.4
3516 63.5
-3784 74.8
.4002 84.9
.4184 94.2
-4348 102.8
.4490 111.0
-4619 118.7
.4737 126.1
.9205 159.4
. 9354 188.5
.93831 215.0
60482 239.7
.6260 262.8
.6432 284.9
672 324.4
4937 365.2
J154 402.0
7327 437.2
7477 a1
7609 503.9
.8100 656.5
.8424 794.7
-88346 10571

ZEFF

13-/~

15.790
16,662
17.1353
18.011
18.342
18.517
18.62%
18.497
18.749
18.788
18.818
18.341
18.910
18.941
18.949
18.981
18.987
15.991
18.993
18.59%
18.976
18.997
18.999
18.999
19.000
19.000
19.000
19.000
19.009
19.000
19.000
19.000
19.000
19.000
19.000
19.000
19.0090

DE/DX
rEV/CH
7843.177
29311.808
25072.333
22180.219
16238.803
13449.593
11764 ,982
10607.295
9750.102
9081.572
8541,482
8093,302
7713.948
4417.441
09629.311
4697.502
4143.005
3754.643
3436.004
3268.964
3093.863
2948,483
2825.742
2497,592
2157.344
1986,111
1859.493
1760,972
1681.567
1560.177
1470.741
1401,451
1345.829
1299.987
1261.42%
133,170
1060.141

930.301

R .
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ION 1S

RANGE
(CH)
»00235
.00350
L0075
0100
.0200
.0300
.0400
.0500
.0500
+0700
.0800
.0900
. 1000
.1200
.2000
.3000
-4000
.3000
. 6000
.7000
.3000
.7000
1.0000

3.5000
4,000
9.0000
6.0000
7.0000
8.0000
9.000¢
10.00¢0
15.000¢
20,0600
30,0000

Bt A e B 2

20 CA 40
BETA ENERGY
(V/C)  (MEV/ANU)
.0713 2.4
0791 4.6
.1148 6.4
1300 8.0
.1450 12.9
.1878 16.9
« 2051 20.2
2192 23.2
.2311 25.9
2414 28.4
2510 30.8
.2594 33.0
L2571 33.1
.29&9 44.5
.3224 52.5
.3233 66.2
. 3854 78.0
.4077 88.4
L4265 98.3
.4428 107 .4
.A573 115.9
.4704 124.0
.4823 131.8
L9297 164.7
.9548 197.2
.5923 225.1
L4160 2%90.9
6399 275.3
L6531 298.9
6321 342.2
.7057 383.1
55 421.9
7425 459.0
L7574 494.,9
705 529.4
.8189 $91.2
.8507 840.0
.8907 1112.3

ZEFF

14.311

16.514
17.452
17.982
18.911

19.272
19.4583
19.581

19,4461

19.7218
19.761

19.794
19.821

19.892
19.932
19.944
19.978
19.985
19.989
19.992
19.994
19.995
19.996
19.998
19.999
19.999
20.000
20.000
20.000
20.000
20.009
20.000
20.600
20.000
20.000
20.000
20.000
20.000

wwwww

DE/DX
MEV/CH

40082.031
31816.576
26809.513
23721.824
17356.243
14376.466
12577.201
11341.478
10425.4693
9711.950
9135.374
8456.744
251.598
6874.852
6033.958
5037.746
4444.993
4040.565
3741.901
3510.395
3323.243
3158.094
3036.725
2590.021
2322.788
2139.990
2004.86L
1899.788
1815.088
1685.705
1590.455
1516.722
1437.584
1408.897
1367.983
1232.3146
1155.407
1073.414

278

10N 1S

RANGE
(cn)
.0025
.0050
0075
0100
.0200
0300
.0400
.0500
«0600
.0700
.0800
.0900
.1000
«1500
.2000
. 3000
-4000
-3000
6000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000

20 CA 44
BETA ENCRGY
(V/C)  (MEV/ANU)
0677 2.1
0950 4.2
L1125 6.0
1254 7.4
.159¢9 12.1
.1823 15.9
.1992 19.1
L2131 21.9
»2248 24.5
.2351 26.9
. 2443 29.1
L2328 31.2
2601 33.2
.2909 42.1
.3143 49.7
-3496 2.7
3764 73.9
.3982 83.9
41464 93.1
.4327 101.7
<4349 109.8
.4598 117.4
<4715 124.7
.9133 152.7
«9531 186.5
.5808 212.7
.6039 237.0
6236 260.0
.6403 281.8
« 6697 22.7
6934 381.1
7133 397 .4
«7304 432.2
. 7454 445.8
7584 498.1
.80/8 648.7
.8404 787.
.8818  1043.4

IETF

13.94%
16.240
17.254
17.818
18.808
19.198
19.405
19.524
19.4621
19.434
19.731
19.748
19.797
19.882
19.922
19.938
19.974
19.932
19.987
19.999
19.992
19.994
19.995
19.998
19.999
19.999
20.000
20.000
20.000
20.000
20.000
20.000
20.000
20.000
20.000
20.000
20.000
20.000

DE/DX

HEV/CH
40938.4605
33054.91¢9
27883.438
24714,200
18138.276
15028.088
13146.447
11833.177
10894.376
10146.946
9343.079
9041.943
8617.375

7172.282

L X4

6299.547
59253.844
4531.9467
4207.813
3894.655
3651.139
3455.5%4
3292.942
3155.747
2687 .191
2407.184
2N5.619
2073.983
1963.804
1874.9482
1739.175
1639.124
1561.999
1499.358
1443.051
1404.8838
1261.220
1179.299
10%0.042
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s ION I3 20 CA 48 ION 1S 21 SC 45 ’
:! RANGE BETA ENERGY ZEFF DE/DX RANGE BETA ENCRGY 2LFT LE.'DX
. (cM) (V/C)  (NEV/ANU) MEV/CHN (CM) (V/C)  (MEVZANU) MEV/CH
.0025 0644 1.9 13.4600 41414.224 0025 .0687 2.2 14.502 43493.700
- L0050  .0914 3.9 16.014 34177.052 -+ #0050 L0966 4.4 16,966 15137.544
{' L0075  .1087 5.9 17.061 28931.410 0073 L1145 6.2 18.028 29700.732
- .0100 L1218 2.0 17.4658 25447.291% .0100 .1278 7.7 18,632 28326.017
#! *.0200 1553 11.4 18.708 18681.831 .0200 1429 12,6 19.699 19310.500
0300 1273 15.0 19.124 154648.532 0300 .1857 16.5 20.120 16000.199
.0400 .1930 18.0 19.348 13489.038 .0400 .2030 19.8  20.345 13998.27¢
. . L0500 2074 20.7 19.487 12341.172 0500 .21 22.3  20.485 12622.618
- T L0600 .2192 23.2 19.581 11341.478 0600 .2291 23.4 20.580 11402.855
L0700 .2293 5.5 19.650 10561.983 0700 - ,239% 22.9 20.649 10807,980
t‘ .0800 .2383 27.6 19.701 9932.118 .Q800 .2489 30.3 20,70V 10145.329
{ .0900 .2444 29.6 19.741 9409.379 .0900 2573 32.5 20.741 9432.973
L1000 L2539 31.5 19.773  8946.445 1000 2451 34.5 20.773  9181.514
. 1500 .2841 40.0 19.867 7458.805 <1500 .2944 43.8 20.867 7445.083
_ .2000 .3071 47.3 19.911 4553.604 .2000 .3202 51.8 20.911 4724.438
L 3000 .3418 59.7 19.952 5440.437 -3000 3561 63.3  20.952 5611.037
X .4000  .3481 70.3 19.970 4810.448 -4000  .3833 77,0 20.920 4948,955
. .5000 .3894 79.9 19.979 4367.400 . 5000 4053 87.5 20.979 4497.413
.6000 L4077 88.4 19.985 4040.5485 6000 4242 972.1 20.945 4164,057
.7000 L4034 956.8 19.989 3784.301 7000 . 1405 106.0 20,989 3904.850
L8000 .437¢ 104.4 19.991 3581.229 -8000  .4550 114.5 20,971  3495.777
L9000  .4503 111.7 19.993 3412.154 N 9000  .4480 122,53 20.993 3523.24¢6
1.0000  .4418 118.7 19.994 3248.448 1.0000 4798 130.2  20.994 3376.707 :
1.5000 .95080 149.9 19.997 2779.9%0 1.5000 L5272 164.6 20,997 23878.423 o
2.0000 .5424 177.2 19.999 2487.752 2.0000  .5423 194.8 20,999 2380.777 2
2.5000  .5499 202.0 19.999 2287.830 2.5000 .5902 222.3 20,999 2377.076 -]
3.0000 .59°8 225.1 19.999 2139.990 3.0000  .6134 247.9 20.9%9 2224.514
J.5000 .4i24 2446.7 20.000 2024.958 3.5000 .4332 271.9 21,000 2109.43" » j
4.0000 .6296 267.3 20.000 1932.178 4.0000  .450% 294.8 21,000 2015.058 T 1
$.0000 46534 306.0 20.000 1790.310 3.0065 4794 2.9 21,000 1879.884 S
4.0000 .46821 342.2 20.000 1485.705 46.0000 .7031 378.3 21,000 1744.733
7.0000 70 376.4 20.000 14604.589 7.0000 7229 414,95 21,000 1432.948
8.0000 193 409.2 20.000 1539.411 8.0000 .7400 453.2 21,000 1814.821
9.0000  .7343  440.7 20.000 1485.635 7.0000 7743 488.5 21.000 1562.32% ®
© 10,0000  .7477 4711 20.000 1440.352 10.0000  .7680 922.7 21,000 1516.490 - 4
15,0000  .7976 612.4 20,000 1289.178 19.0000  .8145 681,29 21.000 134%5.244
20.0000 .8303 741.9 20.000 1202.409 20.0000 .8489 828.,4 21,000 1279.454
30.0000  .8.34 981.2 20.000 1104.667 30.0000 .8889  1101,2 I1.007 1187.179 .
®
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. 10N IS 22 T1 46 0N 15 22 11 48 "]
b RANGE RETA ENERGY ZEFF  DE/DBX RANGE RETA ENERGY 2EFF  DE/DX
! (€N) (V/C) (MEVsaNU) MEV/CM (cM) (V/C)  (MEV/ANU) MEV/CH
0025 0694 2.3 15.048 45884.853 .0025 04890 2.2 14,859 44242.307
’ L0056 .0981 4.5 17.644 37250,481 L0050  .0942 4.3 17.529 37846.392 8
h 0075 L1143 6.4 18.794 31544.890 L0075 L1144 6.1 18.488 32095.520 *+ F
. .010C  .1299 8.0 19.439 27767.514 L0100 .1279 7.7 19.351 28478.725
& L0200 L1657 13.1  20.585 20504.336 L0200  .1434 12.7  20.529 20911.028
& L0300 .1390 17.1  21.038 14990.954 0300 L1845 16.6  20.997 17330.142 .
[ L0400 20664 20,5 21.281 14866.465 .0400  .2040 20.0  21.249 15143.093
3 .0500  .2210 23.6 21.433 13407.120 L0500 .2182 23.0  21.407 13673.607 . ]
L L0600 2332 26.4 21.537 12325.319 0600  .2303 25.7 21.514 12549.402 ’
; L0700 .2438 29.0 21.612 11482,161 L0200 .2409 28.2  21.592 11708.492
- L0800 .2533 31.4 21.468 10801,050 0800 .2503 30.6 21.451 11013.358
- L0900 2619 33.7  21.712 10235.897 .0900  .2588 32,8 21.497 10436.381
- L1000 .2498 35.9 21.747 9 57.093 L1000 L2666 35.0 21.734  9947.549 ;
3 (1500 .3016  45.5 21.851 8127.732 1500 .2981  44.4 21.842 8284.022 |
g .2000  .3259 53.8 21.900 1148 498 2000 .3222 52.5 21.894 7297.405 v
- 3000 .3624 67.9 21.945 5976.192 3000 3384 65.3 21.942 4039.143 .
g .4000  .3900 80.1 21.965 S5273.136 .4000  .3858 78.2 21.983 5370.875 -
- .5000  .4125 91.0 21.976 4793.746 .5000  .4081 88.8 21.974 4881.120
3 .6000  .4315  101.0 21.983 4439.851 L8000 4270 98.4 21.981 4519.414 ]
. 7000 L4480  110.4 21,987 A4144.675 7000 4434 107.7 21.986 4238.556 -]
N .8000  .4626  119.2 21,990 3942.733 8000 L4579  116.3 21.989 4011.886 '’
. 9000 .4758  127.5 21.992 3758.78f 9000 .4710  124.4 21.991 3224.018 -]
1.0000 .4878  135.5 21.993 3403.739 1.0000  .4829  132.2 21.993 3465.605
1.5000  .5356  171.5 21.997 3075.108 1.5000  .5305  167.3 21.997 3125.770
3 2.0000 .5710  203.1 21.998 2759.120 2.0000  .5657  198.1 21.998 2803.094
# 2.5000  .5992  231.9 21.999 2543.088 £ 2,5000 5938 226.1 21.999 2582.474 N
E 3.0000  .6725  258.4 21.999 2383.447 3.0000 4170  252.1 21.999 2419.443 »
= 3.5000 .6473  283.8 21.999 2259.380 3.5000  .8369  276.6 21.999 2292.437 .
; 4,0000 .6597  307.8 22,000 2159.393 4,0000 4541  299.9 22,000 2199.532 "
- 5.0000 .6386  353.0 22.000 2006.734 5.00006  .4831  343.8 22.000 2034.518 :
- 6.0000  .7122  295.3 22.000 1294.422 6.0000  .7067  385.0 22.000 1919.489 :
: 7.0000  .7320 435,35 22,000 1807.539 2.0000 .7266  424.0 22.000 1830.816 Y
' 8.000v  .7489  474.1 22.000 1737.907 8.0000 7436  461.4 22.000 1759.550 . °
; 9.0000 .7637  S11.2 22.000 1680.613 9.0000 ,7584  497.4 22.000 1700.880 %
' 10.0000  .7247  S47.2 22.000 1632.507 10,0000 .7715  S32.3 22.000 1651.58¢9 ]
15.0000  .8247  715.0 22.000 1473.343 15.0000 .8193  494.9 22.000 1488.212 -
, 20.0000 .8540  869.9 22.000 1383.849 20,0000 .8515  844.7 22,000 1395.918 . -
3 30.0000  .8933  1159.1 22,000 1288.934 - 30.0000  .BYIS  1124.0 22000 1297.190 v,
[}
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ZEFF

15.907
18.888
20.19
20.939
22.283
22.819
23.110
23.293
23.418
23.510
23.579
23.433
23.674
23.905
23.848
23.926
23.953
23.967
23.97%
23.781
23.985%
23.938
23.990
23.999
23.997
23.998
23.99%
23.999
23.999
24.000
24,000
24.000
24.000
24.000
24.900
24.000
24.000
24.000

r ™ -
}_‘.
s
20
kL
-
=
3?" ION 15 23 v 51 ION 1S 24 CK 50
) RANGE  BETA  ENERGY  ZEFF  DE/DX KANGE  BETA  ENEKGY
o (CM) (V) (MEV/ANU) MEV/CM (CM) (V/C)  (HEV/ANW)
[ L0025 L0673 2.1 15.193 49043.061 L0025 L0496 2,
o .0050  .0959 4.3 18.074 40632.885 L0050 .09790 4.4
X L0075 L1143 6.1 19,335 34540.194 L0075  .1178 5.5
&!!] 0100 1279 7.7 20.053 30482.024 L0100  .1318 8.2
= L0200 L1639 12.8  21.350 22553.404 .0200 .1488 13.4
o L0305 .1873 16.8 21.867 18495.559 .0300  .1928 17.8
1 .0400  .2050 20,2 22.147 14359.180 .0400  .2109 21.4
- L0500 .2193 23.2  22.323 14752.935 L0500  .2254 244
L L0600  .2315 26.0 22.443 13562.080 L0600  .2381 27.4
‘ L0700 2422 28.4 22,531 12633.807 L0700 .2490 30.1
- L0800 .2517 31.0 22.598 11883.874 L0800 .2587 3.8
- L0900 .26403 33,2 22.649 11261.636 L0900 .2675 352
L1000 ,2581 35.4 22,691 10734.451 1000 2754 37,5
L1500 .3000 45.0 22.815 8940.499 L1500 .3082 47.4
3 L2000 3242 53.2 22.874 7866.535 L2000 .3329 56.3
‘e L3000  .3407 67.2 22.930 4581.154 23000 .3702 71.2
p .4000  .3393 79.3 22.955 5805.141 .4000  .3985 84.1
3 .5000  .4107 90.1 22.949 5276.122 .5000 .4213 95 .4
1 L6000 L4297  100.1 22,977 4885.495 6000 4407  106.2
o L2000 L4442 109.3 22.982 4582,192 7000 L4575 116.0
o .8000  .4609  118.1 22.984 4337.44%5 .8000  .4724  125.3
":: .9000  .4741 126.4 22.989 4134.614 .9000  .4858  134.2
- 1.0000  .4880  134.3 22.991 3942.932 1.0000  .4980  142.¢
L - 1.5000 .5338 170.0 22.996 3380.542 1.5000 .5445 180.7
o 2.0000  .5492  201.3 22.998 3032.344 2.0000 .5822  714.0
b 2.5000 L5973 229.8 22.998 2794.374 2.5000 .6106  244.4
g 3.0000  .4206  254.3 22.999 2418.553 3.0000 .6341  273.0
‘ 3.5000  .6405  281.3 22.999 2491.873 3.5000 .4540  299.7
. 4.0000 .6573  305.1 22,999 2371.749 4.0000 .4714  305.0
. 5.0000  .6357  349.3 23.000 2203.402 5.0000 .7003  373.3
L 6.0000 .7103  391.8 23.000 209,888 6.0000 .7238  418.4
[ 7.0000  .7301  431.6 23.000 1934.173 7.0000  .7435  441.2
- 8.0000  .7471  449.7 23.000 1907.451 8.0000 .7603  502.3
o 9.0000  .7819  506.5 23.000 1844.313 9.0000  ,7749  Sa1.9
g 10.0000  ./249  542.1 23.000 1791.291 10.0000 .787?  580.4
L]T» 15,0000  .3230  208.2 23.000 1415.775 15.0000 .8348  740.1
L 20.0000  .8545  861.3 23.000 15146.709 20.0000 .8453  926.4
T 30,0000 .8940  1147.1 23.000 1411.760 30.0000 .9032  1233.3
'@

DE/DX
NEV/CH
51234,659
42216.798
35913.413
31884.523
23373.433
19391.211
16969.969
15306.224
14073.110
13112.075
12335.793
11671.711
111446.070
9289.490
81738.111
6851.303
6047,938
$500.223
35095.979
4781.729
4528.315
4318.305
4149,.550
3537.433

3177.072

2930.862
2749.049
2607.790
494,028
2320.480
2192.949
2094.414
2015.548
1950.744
1896.417
12172.509
1617.934
1514,437
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10N IS 24 CR 32 ION JS 25 NN S3

KRANGE  BETA  ENERGY  ZEFF  DE/DX RANGE  KETA  ENERGY  ZEFF  DE/DX
(CN) (V/C)  (MEV/ANU) MEV/CH (cn) (V/C)  (MEV/ANU) MEV/CH
L0025 0680 2,2 15.711 51537.743 L0025  .0488 2.2 16.215 54039.007
L0050  .0972 4.4 18.745 42839.244 L0050  .0985 4.5 19.407 45071.325
L0075 L1159 6.3 20.077 36481.904 L0075 L1174 6.5 20.816 38452.219 -
L0100 .1299 8.0 20.845 32414.462 L0100 L1317 8.2 21,626 34178.194 J
L0200 L1646 13,2 22.222 23819,752 L0200 1491 13.6 23.090 25106.933 o
L0300  .1904 12.3 22,774 19747,156 0300 .1933 17.9 23.678 20816.391 E
L0400  .2083 20.9 23.074 17281.097 L0400  .2114 21.6 23.998 18218.671 '
L0500  .2229 24.0 23.263 15585.935 L0500 .2244 24.8 24.201 16433.22¢4 5
L0600 2354 26.9 23.393 14329.293 0600  .2390 27.8 24.340 15109.785 [
L0700  .2442 29.6 23.488 13349.820 0700 .2501 30.6  24.442 14078174 y
L0800  .2558 32,1 23.559 12558.596 .0800  .2599 33.1 24,519 13245.156
L0900  .2646 34.4 23.615 11902.094 L0900  .2487 35.6 24.580 12553.883
-1000  .2724 36.6 23,661 11345.918 1000 2748 37.9 24.429 11948.272 .
L1500 .3049 46.6 23.795 9453.456 L1500 .3094 48.1 24.774 9975.794 1
L2000 .3295 55.1 23.840 8320.606 .2000  .3345 56.9 24.846 8783.142 4
.3000 .3665 49.6 23.922 6970.175 .3000  .3721 72.0 24.913  7346.797 =
L4000  .3945 82.2 23.950 6150.714 .4000  .4005 85.1 24.943 4503.226 ‘
.5000  .4173 93.5 23.945 5592.105 5000  .4235 94.7 24.960 5914.549 :
L6000 L4365 103.8 23.974 5179.859 L4000  .4430 107.5 24.970 5480.149 L
000 L4532 113.4 221,780 4859.412 7000 .4599 117.5 24.977 S142.518 P
.8000  .4689 122.5 23.934 4601.013 L8000  .4749 126.9 24.982 4870.240
L9000  .4313 131.2 23.987 4384.880 L5000  .4884 135.9 24.985 4644.453 -1
1.0000  .493% 139.4 23.989 4205.639 1.0000 .5006 144.5 24,983 4453.711 =
1.5000  .5417 176.6 23.995 3590.4654 1.5000  .5493 183.1 24.994 3805.483 .
2.0000 .57 209.2 23.997 3223.234 2,0000 .5851 7.1 24,997 3418.738 o
2,5000 .46056  239.0 23.998 2972.183 2.5000 .4135  248.0 24.993 3154.444 -
3.0000  .6290  28b6.6 23.999 2784.772 3.0000 .6370  274.8 24.993 2959.323 »
3.3000 .5487  292.7 23.999 2642.495 3.5000 .6570  304.0 24.979 2807.755 A
4.0000 .4663  317.5 23.999 2526.643 4.0000 .6744  329.9 24.999 2485.715 _
5.0000  .4952 364.3 24,000 2349,549 5.0000  .7033 378.7 24.999 D2499.584 ]
6.0000 .7188  403.2 24.000 2219.353 6.0000 .7268  424.5 25,000 2342.861 4
7.0000 .7335  449.3 24.000 2118.708 7.0000  .7464 468.0 25,000 2257.242 ]
8.0000  .7954 489.8 24.000 2038.107 8.0000 .7632  S509.8 25.000 2172.773 .
9.0000 .7700  528.3 24.000 1971.841 9.0000 7777 550.1 25.000 2103.379 " ]
10,0000  .7830  S45.7 24,000 1914,247 10,0000  .7905  589.3 25.000 2045.225 .
15,0000  .8304 740.2 24,000 1732.803 15,0000 L8374 722.2 25,000 1853.97¢
20,0000 .8413  901.4 24.000 1630.218 20.0000 .8476  941.4 25.000 1747.855
30.0000 .8778  1203.2 24,000 1522.727 30.0000 .9052  1259.7 25.000 1438.479 .
-1
. <
" ]
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10N 1S 25 MN 54 ION IS 25 NN S5 B
KANGE FETA ENERGY 7EFF DE/DX RANGE RETA ENERGY IEFE DBE/DX "3
(CM) (V/C)  (NEV/ANU) NEV/CM (cH) (V/C)  (HEV/ANU) MEY/CH B
0025 .04680 2.2 146.114 54170,510 L0025 0673 2.1 16.018 54291.901 S
.0050 0976 4.5 19.334 45379.408 .0050 .0948 4.4 19.2462 40489.131 ©
.0075 167 4.4 20.758 38738.022 0075 .1158 4.3 20.700 39019.231 L
.0100 .1308 8.1 21.578 34447.127 .0100 .1299 8.0 21.530 34712.473
0200 . 1481 13.4 23.059 25323.430 02006 <1470 13.3 23.027 25528.015 -4
0300 .1922 17.7 23.654 20997.491 .0300 1911 17.5 23.831 21174.784 4
.0400 .2104 21.3 23.980 18377.016 .0400 «2092 21.1 23.941 18533.822
0500 . 22592 24.5 24.185 1465735.588 .0500 .2239 24.3 24,170 16714.585 .
04600 2377 27.95 24.327 135240.175 0400 2364 27.2 24,314 153469.323 ]
.0700 .2487 30.2 24.430 14199.330 0700 .2474 29.9 24.419 14319.187 @
.0800 .2585 32.8 24,509 13358.554 .0800 L2971 32,4 24,499 13470.878 : i
L0900  .2473 35.2 24,571 12660.956 0900  .2639 34.8 24,561 12767.018 -
1000 2754 37.4 24.620 12049.982 1000 .2740  37.0 24.412 12170.732 n
L1500 .3081 47.6 24.769 10059.234 1500  .3045 47.1 24.764 10141.888 ]
2000 .3309 56.3 24.842 8895.471% .2000 3313 95.7 - 24.838 8927.496 .
.3000 3703 71.3 24.910 7427.384 «3000 34685 70.9 24.908 7437.422 L
L4000 .3986 84.1 24.942 4555.603 .4000  .3968 83.3 24,940 6607.500 |
.5000 4216 95.7 24.959 95961.387 .9000 4197 94.7 24,958 6007.774 ’
L4000  .4410 106.3 24.969 5522.906 .6000  .4390 105.2 24.968 $5565.248
.70C0 .4578 116.2 24.976 35182.093 7000 4558 115.0 24.976 95221.30t
.8000 .4.728 125.6 24,931 4907.292 8000 <4707 124,22 24.981 4943,981 )
.7000 L4842 134.4 24.935 4479.932 .9000 .4841 133.0 24,934 4714.187 L
1.0000 . 4784 142.9 24.987 44846.863 1.0000 <4943 141.4 24.987 4519.706 ‘ a
1.5000 .9470 181.1 24.994 3832.312 1.5000 9447 179.2 24.994 3859.182 '
2.0000 .5828 214.7 24,996 3442.238 2.0000 9804 212.3 24,996 3445.519 o
2.5000 L6111 245.2 24.998 3175.473 2.5000 .6038 242.6 24.998 3194.308 ol
J.0000 6344 223.7 24.998 2978.516 J3.0000 4322 2720.7 24.998 2997.534 L
3.5000 6344 J00.5 24.999 2825.510 3.5000 .46522 297.2 24.999 2843.104 LB
4,0000 NYAN; J248.1 24.999 2702.301 4.0000 6695 J22.5 24.999 2718.73%9 ;
5.0000 7009 374.3 24.999 2514.362 5.0000 «698% 370.1 24.999 2529.009 3
46.0000 .7244 419.5 25.000 2376.276 4.0000 ./220 414.7 25.000 2389.576 )
7.0000 7440 462.5 25.000 2269.598 7.0000¢ 7417 457.1 25,000 2281.832 ~
8.0000 74608 9503.7 25.000 2184.222 8.0000 7985 477.9 25.000 2195.579 -
9.0000 2154 943.5 25.000 2114.,0/9 ?.0000 7732 237. 25.000 2124,49% ®
10.0000 .7883 982.1 23.000 2055.278 10.0000 7040 579.2 25.000 2045.25% "
15.0000 L3353 762.4 25.000 1841.709 15.0000 83533 753.0 25.000 18469.394 )
20.0000 .8653 929.4 25.000 17354.030 20.0000 .8439 7.6 25.000 17460.187 "
30.0000 .9036 1242.9 25.000 1642.479 30.0000 .9020 1225.9 25.000 14646.504 1
.
L
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ION 1S
RANGE
(cn)

.0025
.0050
.0075
.0100
.0200
03¢0
.0400

500

.0600
U700
.0300
.0700
1020

. 1500
«2000

. 3600
.4000
.5000
.6000
«7Q00
.8000
.9000
1.0000
1.30C0
2.9000
2.3000
3.0000
3.5009
4,0000
5.0000
6.0000
7.0000
8.0000
9.38000
10.0000
15,0000
20.0€00
30.0000

26 FE 54
BETA ENERGY
(V/C)  (MEV/ANU)
0695 2.3
0997 4.7
L1191 6.7
.1335 8.4
A714 14.0
19462 18.5
2147 22.2
.2298 25.4
«24246 28.7
.2538 J1.3
.2637 34.2
272 38.7
.2810 39.14
.3142 49.7
.3395 8.8
3775 74.4
L4053 87.7
<2296 100.0
.4493 1111
.4664 121.5
L4815 131.3
L4951 140.4
. 9075 149.5
.5563 189.¢4
9926 224.8
L6211 257.0
L4447 286.9
5647 315.2
.6821 332.2
110 393.0
/7344 440.8
7537 436.2
2706 529.8
.7850 371.9
L2577 512.8
.8439 804.2
8734 982.0
L9102 1h16.95

ZEFF

16.709
20.062
21,544
22.402
"3 934
- .418
24,920
25.136

25.285
25.394
25.477
23.542
29.595

25.733

25.830
25.903
25.937
25,955
28.947
25.974
25.979
23.783
25.986
25.993
25.994
25.997
25.798
~J.999

3.799
-4.999
26.009
26.000
26.000
26.000
26.000
26.000
26.000
256.000

- L v e |
.
'J
'_1
ION IS 26 +E S8 - 3
DE/DX RANGE BETA ENERGY 2EFF DE/DX ;f
HEV/CH {cn) (V/C)  (MEV/ANU) HEV/CH ]
56545.084 0025  .0480 2.2 14.507 54./87.682 ]
47328.250 .0050  .0980 4.5 19.911 47951.877 b
40450.511 0075 1173 6.5 21.4246 41033.861 : 3
35966.754 L0100 1312 8.2 22.302 36517.377 x
26414.210 0200  .1495 13.7 23.888 24859.6%96 ]
21903.080 0300 .1939 18.0 24.529 22275.084 ]
19171.747 .0400  .2123 21.7 24,881 19497.013
17294.449 L0500 .2273 25.0 25.103 17587.094 b
15903.430 .0600  .2400 28.0 25.257 16171.249 1
14819.205 0700 .2511 30.8 25.370 15067.736 -
13943.443 0800 .2410 33.4  25.454 14174.3461 -
13214.899 0900  .2699 35.9 25.523 134346.802 ;
12601.414 L1000  .2781 38.2 "5.577 12810.295 ]
10507.432 L1500 L3111t 48.4 25.741 10678.774 '”
9254.130 2000 .3362 57.6 25.321 9403.021
7761.231 3000 .3740 72.9 25.898 7883.425
6862.613 .4000  .4026 84.1 25.933 6970.278 }
6243.461 5000  .4257 97.9 25.933 4339.494 L
5786.578 L6000  .4453 108.8 25.944 5874.416 N
5431.448 7000 .4423 119.0 25.972 5512.803 ’
5145.147 .8000  .4774 128.5 25.978 5221.252 N
4907.899 L9000  .4909 137.6 25.982 49’9 478
4707.114 1.0000 .5032 146.3 25.985 4775.237
4025.264 1.5000 .5%2 185.6 25.993 4080.982 1
3618.861 2.0000 .5880 220.0 25.978 3647.124 ]
3341.148 2.5000 .6145 251.4 25.997 3334.323 ’
3136.196 3.0000  .6400 280.7 25.998 3175.589 1
2977 .051 3.5000 .6600 308.3 25.999 3013.431 1
2848.959 4.0000 .6774 334.6 25.999 2882.979 "]
2653.716 5.0000 .70463 384.2 25.999 2634.002 ,
2510.418 6.0000 .7298 430.7 25.999 2337.893 .1
2399.844 7.0000 .7493 475.0 26.000 2425,089 ’
2311.461 8.0000 .7461 517.5 26.000 2334.871 "
2238.944 9.0000 .7804 558.5 26.000 2240.304
2178.244 10.0000 .7933 598.3 24.000 2198.761
1979.330 15.0000 .8399 784.5 26.000 1995.003
1849.877 20.0000 .8700 957.2 26,000 1882.302 .-
759.110 30.0000  .9071  1281.5 25.000 1746.934 .
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10N IS

RANGE
(CN)
.0025
.0050
<005
.0100
.0200
.0300
.0400
.0500
0600
.0700
.0800
.0900
1000
.1500
.2000
.3000
.4000
.5000
.6000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
J3.0000
3.5000
4.0000
5.0000
6.9000
7.0000
8.0000
9.0000
10.9000
15.0000
20.90000
30.0000

28 FE 38
BETA ENERGY
(V/C)  (MEV/ANU)
0646 2.1
.0964 4.4
1136 4.3
L1299 8.0
1675 13.3
1917 17.6
<2100 1.2
L2249 24.5
L2375 27.4
.2486 30.2
.2584 32.7
2672 35.1
<2754 37.4
.3082 47.46
-3331 56.4
. 3706 71.4
.3999 84.3
.4220 96.0
-4415 106.6
.4584 116.6
.4734 125.9
.4848 134.9
.4991 143.4
L5477 181.8
.5836 215.5
6120 246.2
L6354 274.8
L6554 301.7
.6723 327.4
.7018 375.9
7253 421.3
7449 464.5
72617 505.9
7763 545.
.7891 584.7
.8361 766.0
L8665 933.9
.9042  1248.3

ZEFF

16.310
19.764
21.309
22.203
23.824
24,481

24.842
25.0M1

25.229
25.345
25.434
25.504
25.540
25.729
25.813
25.893
25.929
25.9%0
25.962
25.971

25.977
25.981

25.984
25.992
25.995
25.997
25.998
25.998
25.999
25.999
25.999
26.000
26.000
26.000
26.000
26.000
26.000
26.000

DE/DX
NEV/CH
56990.822
48545.947
41599.844
37053.706
27295.525
22639.949
19816.207
17874.133
16434.173
15311.743
14405.030
13632.717
13015.392
10847.019
9549.213
8003.399
7076.056
6434.230
9960.4699
3992.694
5296.9003
5050.178
4842.144
4135.705
3714.530
3426,735
3214.291
3049.27
2915.415
2713.779
2564.919
2449.936
2357.926
2282.344
2218.992
2010.522
1894.676
1774.886

285
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10N 1S

RANGE
(CH)
.0023
.0030
0075
.0100
.0200
.0300
.0400
.0500
.0600
.0700
.0800
.0900
.1000
<1500
»2000
+ 3000
.4000
«35000
. 6000
7000
.8000
.7000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0070
9.0000
6.000v
7.0000
8.0000
%.0000
10.0000
15.0000
20.0000
30.0000

27 CO 39
BETA ENERGY
(V/C) (NEV/AMU)
0673 2.1
0975 4.5
L1121 6.4
1316 8.2
.1698 13.7
1945 18.1
L2131 21.9
.2282 25.2
2419 23.3
.2522 RANS
.2622 33.7
el B 36.2
2794 38.4
L3124 49.1
3379 98.2
.3739 73.7
.4044 87.1
.4279 9.1
«847% 110.
<4647 120.4
.4793 130.2
.4934 139.4
.5058 148.2
.9548 188.0
.3909 223.0
6194 254.7
.6429 284.4
«6630 312.46
+6803 3.9.3
7093 339.7
7327 437 .1
L7522 482.1
.7689 925.3
.7834 567.0
7961 607.5
.8424 797.0
.8723 972.9
.9091 1303.8

IEFF

16.784
20.490!
22.024

22.94%

2
[

25.3°4
< L4
25.757

26.000
26.149
26.293
26.384
26.462
26.523
26.705
26.795
25.882
25.922
25.944
26.958
26.967
26.974
26.978
26.982
26.991
26.995
26.996
26.997
256.993
26.999
26.999
26.999
26.999
27.000
27.000
27.000
27.000

DE /DX
NEV/CH
99476.177
90854.020
434855.700
38900.277
284650,932
23766.722
20804.515
137867.415
12257.123
16079.962
15129.085
14340.164
134671.850
11396.198
10037.489
8416.803
7448.922
6775.451
6273.584
9892.462
9581.177
5323.272
5105.023
4364.008
3721.745
3620.441
3397.794
3224.918
3033.778
2873.687
2218.010
2597.867
2501.818
2422.998
2357.003
2140,3580

2021.27

.l

1700.019
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Ion 1S 28 N1 58 ION 1S 28 NU 60 "
RANGE  BETA  ENERGY  ZEFF  DE/DX RANGE  RETA  ENERGY  ZEFF  DE/DX
(cH) (V/C)  (NEV/AhU) MEV/CH (CH) (V/G)  (HOV/ANLD HEV/CH
L0025 L0693 2.2 17,457 61702.74 L0025 L0679 2.2 17.249 41940.413
L0050  .1003 4.7 21.188 52563.813 .0050  .0986 4.6 21.031 S3183.459
.0075 .1202 4.8 22.859 45142.948 0075 1185 4.6 22.733 45738.22% b
L0100 L1330 8.6 21.827 40204.649 L0100  .1333 8.4 23.722 40771.934 y
0200 .1742 14,5 235.578 29563.315 0200 1722 14.1 25.528 30026.080
L0300 L1994 19.1 26.316 24522.843 L0300  .1972 18.7 24.2463 24910.293
.0400 .2183 23.0 24.711 21448.890 0400 <2161 2.9 26.669 21807 .764 k
03500 .2318 26.9 26.943 19349.4668 0500 .2314 26.0 26,927 194674.354 ©
L0400  .2448 29,7 27.137 17813.738 L0600  .2444 29.1 27.107 18092.782 p -
L0900 ., 2583 32,7 27.286 146601.196 .0700 2957 J2.0 27.23%9 14860.134 .
.0800 .2684 35.3 27.364 15421.8%4 .0800 .2458 J4.7 27.340 19864.492 N
L0900 .27 38.1 27.441 14809.376 L0900  .2749 37.3  27.420 15038.465 ]
. 1000 . 2869 40.4 27.503 14121.145 .1000 »2833 J9.8 27.484 14338.74a% =
L1500 L3197 S1.6 27.592 11779.922 L1500 L3170 50.6 27.679 11953.384 .
. 2000 . 3456 41,2 27.7846 10378.847 .2000 3425 60.0 27.776 10533,.905 1 2
.3C00 .3843 7.5 27.8728 87210.130 3000 .3810 /6.0 27.870 8837.369 ‘
L4000 L4136 91.6 27.918 7716.102 <4000  .4101 89.8 27.914 7828.475
.95000 .4373 104.2 _4.941 7022.500 «5000 4334 102.2 27.938 7122.929
4000 L4573 - 115.9 7.998 4510.762 6000 4535 113.4 27.953 6602.412 -
7000 3746 124.8 -l.765 4113.075 .7000 .4708 124.3 27.963 46197.928 C
L8000 L4900  137.0 27.972 5792.448 .8C00  .4841 134.3 27.970 5871.855 R
L7000 L5038 144.8  27.977  5526,845 L9000  .4999  143.9 27.976 5401.710
1.0000  .5143 156.1 27.981 5302.074 1.0000 .5122 153.0 27.930 5373.117 -
1.5000 L5858 198.2 27.970 4539.004 1.3000 96164 194.2 27.990 4597.079 B
2.0000 .5022 235.2 27.994 4083.752 2.0000 9979 230.5 27.994 4134,045 o
2.%5000 4307 269.0 27.998 3I*73.566 2.5000 .6245 263.5 27.994 13819.523
3.0000 .6545 300.5 27.997 3544.%67 J.0000 4501 294.3 27.997 3585.561 »
3.5000 &4 330.3 27.9789 3346.854 3.5000 6702 323.4 27.9989 3404.744 '
4.0000 .46720 353.6 27.998 3223.907 4.0000 6874 351.2 27.998 3259.248 .
$.0000 7208 412.2 27.999 3004.210 9.0000 .7 144 403.46 27.999 3037.465t .
4.0000 7441 442.6 27.999 28446.434 4.0000 .7398 452.8 27.999 2875.120
7.0990 7635 910.8 27.999 2723.4664 72.0000 7592 499.6 27.999 2749.803 )
2.9000 .7800 5596.7 28.000 2625.313 8.0000 77358 944.6 28.000 2649.717 ’
9.0000 7742 601.3 28.000 2545,107 9.0000 7901 988.0 28.000 2547.67% -
1G.00090 .8047 644.5 28.000 2477.999 10,0000 .8027 630.2 28.000 2199.053 '
15.0900 .8520 847.4 23.000 2258.8%52 15.0000 .8484 828.1 28.00¢ 2274.839
20.00¢90 .8810 1035.3 23.000 2139.799 20.0000 8227 1012.1 28,000 2152.29 o
30.00090 9183 1374.1 23.000 2022.4652 30.0009 .9136 1339.1  28.000 2930.115
1
|
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ION IS 30 IN 44

RANGE
(CH)
.0025
0050
.0075
0100
.0200
0300
.0400
.0500
.0600
.0700
.0800
0900
«1000
.1500
«2000
.3009
-4000
-5000
.6000
.7000
.8000
.9000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000
15.0000
20.0000
30.0000

BETA

(V/C)
0677
L0991
L1195
.1347
L1744
.2002
<2195
.2352
.2484
.2600
.2703
.2796
. 2881
. 3225
. 3485
.3876
L4171
-4410
.4612
.4787
-4942
.5081
23207
5704
.6071
.6359
.6596
4794
6970
L7258
.7490
.7683
./'847
.794¢9
8113
.8962
.8847
7194

ENERGY

(MEV/ANHU)

.
—

VWO VI =B OGO O GO0
. e ® & s & & s
N O N OO DULLLGDDOWLUNIIYYIORN— QLM UO NN
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© 0O e L T e

-—
p—,

—
(30

— -

F-

0 0
. .

139.
202.
240.
2725..
307.
338.2
3467.4
422.5
474.3
523.7
9721.1
617.0
661.6
821.0
1066.3
1436.1

287

2EFF

28.439
28.736
28.942
29.095
29.212
29.303
29.330
29.410
29.725
29.838
29.891
29.921
29.940
29.952
29.961
29.948
29.973
29.986
29.992
29.994
29.99%
29.997
27.997
29.998
29.999
29.999
29.999
29.999
29.999
30.000
30.000
30.000

DE/DX
MEV/CH
67029.630
58513.911
50982.310
45171.237
33314.502
27649.486
24210.57%
21845.2%90
20091.455
18724.944
17621.053
16705.233
13929.517
13290.845
11712.007
9831.844
87046.172
7940.929
7363.062
6914.053
6352.,149
6252.345
5998.482
95137.793
4624.119
4274.243
4016.399
3816.225
34655.273
3410.302
3230.875%
3092.720
2982.541
2872.363
2817.070
2572.360
2440.327
2312.590
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Appendix TI

In Table II are listed some quantities which arc useful for

calculations on relativistic ions. The first column in the table

lists the kinetic energy per nucleon. The energy is linked to

other parameters by common relativistic dymamics.

Momentum:

Rigidity:

Starting from relativistic invariant

E” = pzc' +mec L., A2-1

thc momentum p(MeV/c) of a proton with mass mp (MeV)

is given by

...... A2-2

jg=]
0
|
—~
32
N

H
—~
m

3
~

or pc = (EC -me )™ ..., A2-3

The rigidity p(a,z) of a heavy ion with mass number A and

charge z is given by
A
P(A,z) = —pc A2-4

The momentum times ¢ can he found in column four.
A and z for a certain ion can be found in the track

parameter table,
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PRINTOUT TABLE II

Velocity (B), Momentum times Velocity (pc, MeV) as a

function of Heavy Ion Energy (E, MeV/amu)
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INTRODUCTION

The thermoset plastic sheet cast from CR-39 monomer has been found
by Cartwright, Shirk and Price (1978) to have a unique sensitivity and
resolution in the recofding of nuclear particle tracks by the track
etching technique. Furthermore, it was found to have a lower detection
threshold and a smaller variation of response to particles of a given
rate of loss of energy due to ionization. Somogyi and Hunyadi (1979)
and Benton et al. (1979) reported the registration characteristics of
protons and alpha particles in a CR-39 detector. The energy ranges
covered by these authors are 0.5 to 6.0 MeV for protons and 1 to
6.1 MeV for alpha particles. Recently, we have utilized CR-39 plas-
tic to detect monoenergetic protons up to 4 MeV (Rao et af., 1979
and 1981) and to determine charge composition of heavy primary cosmic
rays (Rao et al., 198la). The sheets of CR-39 which we have used in
the present investigation were obtained from Pershore Mouldings, Ltd.,
England. Thin sheets (100 pm and 500 um thick) were cast from allyl
diglycol carbonate monomer manufactured by Arinor Ltd., Paris. We
have employed this detector for the detection of 10-MeV protonms,
70-MeV 3He ions, and 52-MeV 4He ions and have obtained a smooth
variation of normalized track etching rate as a function of residual
range. Our results also indicate that CR-39 will register perpen-

dicularly-incident particles with a value of Z/f as low as 7.
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ETCHING PROCEDURE AND MEASUREMENTS

R

R~ SN
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Three stacks of CR-39 sheets were exposed to 10-MeV protons,
70-MeV 3He ions and 52-MeV 4He ions. For proton and 4He irradiations, . i
sheets of thin CR-39 (each 100 um thick) were used, while for 3He
exposure sheets of thick CR-39 (each 500 um thick) were employed. 1In
all these irradiations the beam was normally incident to the surface b

of the detector.

The etching procedure was described by Rao et af. (1981) in an earlier [
publication. The stacks exposed to protons, 3He ions, and Aﬂe ions were
etched for 74, 49.5 and 47 hours respectively in a solution of 6.25 N

NaoH at 50°C. In order to distinguish background against tracks due to beam »°

particles, a virgin sheet of CR-39 was etched simultaneously. To estimate -
the value of the bulk etching rate (Vg) for CR-39, small areas of detectors .
were irradiated in vacuum with fission fragments from a 252Cf source and : »

then etched for a definite period of time., The tulk etching rate is given by

L "

Vg = D/2t where D is the diameter of fission fragment tracks and t is the

b

etching time. »

Precision measurements were made on the surface diameter of tracks fﬁ
due to protons, 3He ions, and 4l-le ions in all sheets. The measurements were
made with a Koristka R4 microscope using a X80 Zeiss dry objective and
X10 widefield American Optical eyepiece. It should be pointed out that no

attempt was mace to follow individual tracks into various sheets. Rather, 4
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a large sample of tracks was measured on each surface of the detector, and
the mean diameter was computed. The track etching rate was estimated using

the relation:

VT/Vg B meet e ———— LY (1)

where Vp 1is the track etching rate, Vg is the bulk etching rate, r is the

surface radius, and h(= Vgt) is the amount of bulk material removed

from one surface during an etching time t.

The particle's residual range is determined by adding the thickness
of each sheet from the stopping point to the top of the stack, taking into
account the surface layer removed during etching. The residual ranges of

10-MeV protons, 70-MeV 3He ions, and 52-MeV 4He ions were compared with

range-energy tables of Holeman et af. (1980) and found to be in good agreement.

For each value of track etching rate, an appropriate value of residual
range was assigned to obtain an experimental point on an etching rate

versus residual-range curve.

RESULTS AND DISCUSSION

Figure 2 shows the variation of normalized track etching rate as a func-

tion of residual range. Following the phenomenological approach of Price

et al. (1967), the experimental data have been fitted with the function:
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Vp/Vg = A" cer (D)

2 -
where J = (Zeff 8 2) [k + fn 3272 - 82:] eee (3)

The effective charge, Zeff , of an ion of atomic number Z and with a velocity

B can be expressed as

Z e = z[1-exp(-1aoez"_2/ 3)] e (&)

A and n are constants.

Assuming K=20, the data have been fitted with the above function. Our
results suggest that the response of CR-39 to protons can be represented as

a function of V = 0.801 J9-036 yhile v = 0.516 J9:112 £or the 3He and “He.

A CR-39 detector is being developed for inclusion in the Long-
Duration-Exposure Facility of NASA (DiBattista, 1977) to study the flux
and energy spectra of trapped protons. It is an extremely suitable® de-
tector for this experiment because very low-energy proton tracks are
registered and good discrimination is possible between protons and
heavier particles. The track etching rate is only slightly greater than
bulk etching rate for protons, and hence normally incident protons are

recorded. The latent damage trails produced in the detector are stable

*1t should be pointed out that the detectors need proper thermal insu-
lation since there is a sensitivity dependence on temperature during
registration (0'Sullivan and Thompson, 1980).
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thermally (Khan and Khan, 1980) and this in effect reduces the thermal

problems encountered with other passive detectors.

Recently there have been several investigations of light-ion pro-
duction associated with collimated fast-neutron beams (August et al.,
1979; Lambert et af., 1980). A significant component of light-ion flux
has been attributed as responsible in partvfor the greater-than-
anticipated late-skin reactions observed in connection with fast-neutron
cancer therapy. Also, by identifying the light ions, it is possible to
estimate roughly their contribution to the epidermal and subcutaneous
doses in tissue. By exposing stacks of thin CR-39 sheets to fast-neutron
veams, and with subsequent etching and precision measurements, it is

also possible to estimate the light-ion component in neutron therapy beams.

In Table I are presented the detection thresholds for various track
detectors. A value of Z/B=7 for CR-39 plastic makes it an excellent detec-
tor to study the charge composition of heavy cosmic rays over a wide
range of Z. Hayashi and Doke (1980) arrived at similar conclusions from
a study of relativistic heavy primary cosmic rays. Finally, a compari-
son was made between track densities due to protons, 3He ions, and QHe
ions in CR-~39 sheets and the counts given by the silicon detector, and
it was found that the registration efficiencies were close to 100%. 1In
Fig. 3 are shown photomicrographs of mouths of etched tracks of protons,

He ions, and 4He ions incident normally on CR-39 plastic sheet.
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DETECTION THRESHOLDS FOR VARIOUS TRACK DETECTORS

Lexan Polycarbonate Cellulose Nitrate

Z/8 60 32
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FIGURE CAPTIONS

Figure 1. Schematic representation of irradiation arrangement

Figure 2. Normalized track etching rate as a function of residual

range for protons, 3He and 4He

Figure 3. Photomicrographs of the mouths of etched tracks of
a) 10-MeV protons, b) 70-MeV 3He and ¢) 52-MeV 4He
incident normally on CR-39 plastic sheet. In Fig.
3(a), the shallow low-constrast etched pits are due

to 10-MeV protons.
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CR-39 PLASTIC TRACK DETECTOR EXPERTMENT FOR MEASUREMENT OF
CHARGE COMPOSITION OF PRIMARY COSMIC RAYS

Y.V. Rao, A. Davis and M.P. Hagan

Physics Research Division, Emmanuel College,

Lexington MA 021773, USA and

R.C. Filz

Air Force Geophyvsics Laboratorv, Hanscom AFB MA 01731, USA

A study of the relative abundances and cnergy spectra of heavy
cosmic rays and isotopic composition in the region of Fe peak can
vield significant information concerning their origin, acceleration
and interstellar propagation. In recent years solid state nuclear
track detectors have been employed extensivelv to studv heavy primarv
cosmic ravs. Plastic track detectors necessarily have large geometric
factors for heavy primaries, and a continuous sensitivity for the
duration of an extended exposure. A balloon-borne experiment consist-
ing of 1 m2 passive detector array has been designed in order to obtain
charge and energy spectra of primary cosmic ravs in the region of e
seak. TIncluded in the array is a new type of nuclear-track-recording
nlastic, a polymer made from the monomer allvl diglveol carbonate
{commercially known as CR-39). The stack was built as a sot ol nince
modules. Three types of stack assemblv was adopted for thesce modules:
one consisting of 'pure' CR-39 plastic track detector: the next one,
a composite assembly of CR-39 with three lavers of 600 micron thick
nuclear emulsions: and the last one with CR-39 and Lexan Polvearbonate.
The pavload was flown successfully in June 1979 from Fielson Air Force
Base, Alaska. The flight was aloft for 3 hours 30 min at an average
ceiling of 3 gm/cm? of residual atmosphere. An attempt to stabilize
and orient the payload utilizing a biaxial magnetometer combined with
and electrical rotator was unsuccessful. The failure to orient the
payload in a stable position would prevent us from determining the troe
direction of ecach cosmic ray particle and trace it backwards through
the earth's magnetic field using a computer tracing program. Roecovery
of the payload was routine and all materials were in perfect condition,

CR-39 from one of the modules has been etched in a solution of
6.25N Sodium Hydroxide Solution at 50°C for 120 hours. The etching
was carried out in a precisely controlled bath that is stable to
+0.1°C. Optical scanning of CR=-3Y was performed using an Olvmpus S7-3
stereo microscope., The top fifteen sheets have heen scanned for stop-
ping and relativistic cosmic ray nuclei. TIn this scanning 200 stopping
particles and scveral relativistic primarics were detected, The
relativisitic nuclei passed completelvy through the entire stack of

306




Ty

w

Baes aean i as

p—

o

thickness 14 gm/cm2 with no diminution in ionization. Optical measure-
ments on a sample of 50 stopping particles were carried out using
Koristka R4 and Leitz/Ortholux Microscopes. We contincd our measure-
ments to only those events with high etch rates, and measurements were
performed on only three pairs of cones and the ender. No attempt was
rade to follow the track to the top of the stack in these preliminary
measurements. Fig. 1 shows the normalized track etch rate as a function
of residual range. Two features stand out very clearly in this figure,
i) a smooth variation of track etch rate with range is indicated for
individual particles, ii) in the high etch rate region there is no
evidence of saturation of etch ra{e, which is in excellent agreement
with the results of Fowler et al ) The charge estimates for these
particles should become available in the near futurc after the comple-

tion of calibration of CR-39. e e e
- - - - — e ¥ °
0
0 ° '
o - o
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Fig. 1 Normalized track etch rate as a el
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function of residual range.
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Fig. 2 Response of CR-39 to various

particles. ' T
Y T E T T T AT e
Fig. 2

Fig. 2 shows the response of CR-39 to various particles. _Included
in the figure are the data of Price et al 2) and our own data 3’ from
protons and He®. It is clear from Fig. 2 that the normalized track
etch rate approaches unity very slowly as Z/8 decreases. We conclude
that CR-39 will detect vertically~incident particles with Z/K as low
as 8-10.

Emmanuel College authorship is sponsored by Contract F1Y628-79-C-0102
with AFGL. The authors thank E. Holeman for the programming assistance.
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We report here first detailed measurements on detection of low energy protons in the new type of solid state track detector,
CR-39 (Ally! Diglycol Carbonate). Several samples of CR-39 were exposed to protons of energies 1.5 MeV, 2.2 MeV, 3.2 MeV and
4.3 MeV at Brookhaven National Labosatory, After irradiation the detectors were chemically etched to produce optically visible
tracks. The detection efficiency at these energies is close to 100%. The track diameter evolution of etch pits duc to protons is
described. The diameter distributions clearly show an excellent energy resolution for protons of different energics. The etch pit
diameter as a function of amount of bulk material removed from one surface for various etch times and for all incident energies

has been obtained.

1. Introduction

In recent years solid state nuclear track detectors
have found widespread applications [1]. Track etch-
ing technique has been succesfully employed in many
insulating materials for detection and identification
of charged particles, e.g. in the study of heavy pri-
mary cosmic rays, the search for superheavy elements
and exotic particles, recording of fission fragments
and innumerable applications in radiation dosimetry.
Early in the past decade cellulose nitrate was recog-
nized as the most sensitive of all track detectors, and
so has been used as a detector to record protons
[2—4]. However, cellulose nitrate suffers from being
inhommogeneous and anisotropic with regard to its
physical characteristics. These defects reveal them-
selves in non-geometrical track profiles, differences in
sensitivity in a given sheet, and varying bulk etch rate.

CR-39 is a very useful addition to the range of
plastic track detectors that are available for studies
relating to primary cosmic rays, radiation dosimetry
and other applications. The thermoset plastic sheet
cast from CR-39 monomer has been found by Cart-
wright, Shirk, and Price [5] to have a unique sensitiv-
ity and resolution in recording of nuclear particles.
This material was found to have a lower detection
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threshold (Z/f=9) than cellulose nitrate (Z/8 = 30)
and a smaller variation of response (=1%) io particles
of a given ionization rate than lexan polycarbonate
(=3—8%).

In this paper, the first detailed measurements on
detection of low energy protons in CR-39 detector
are presented. The detector is being developed for
inclusion in the Long Duration Exposure Facility
(AFGL.Emmanuel Package) to study the flux and
energy spectra of trapped protons [6]. CR-39 is an
ideal detector for this experiment becausc very low
energy protons are registered |7]. The track ctch rate
is only slightly greater than bulk etch rate for pro-
tons, and hence noriually incident protons are
recorded. Also thermal problems are greatly reduced
compared to those encountered with any other pas-
sive detector.

2. Experimental details

The samples of CR-39 which we have used were
obtained from Polytech Incorporated, Owensville,
Missouri. The sheets (1500 uimn thick) were cast from
Ally! Diglycol Carbonate monomer manufactured by
Pittsburgh Plate Glass Company. Samples of sice
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(2.5 X 2.5) cm? were exposed to a beam of protons
from the Van de Graaff generator at Brookhaven
National Laboratory. The beam was tuned to four
different encrgies, viz., 1.5 MeV, 2.2 MeV, 3.2 MeV
and 4.3 MeV. The corresponding fluences were: 2.8 X
10° particles/cm?, 0.44 X 10° particles/cm?, 0.67 X
10® particles/cm? and 091 X 10% particles/cm?. All
irradiations were carried out in such a manner that
particles are nearly normally incident to the surface
of the plastic sheet.

The ctching was carried out in a precisely control-
led bath that is stable to $0.1°C. The etchant is con-
tained in a plastic tank which is surrounded by 1 cm
of polyurethane foam and an outer tank made cof
piywood. A stainless steel stirrer, driven by a smail
motor is used to stir the etchant continuously. The
etchant is heated from outside the plastic tank
(instead ot quartz immersion heater) by empioying
two SOW heating mats of flexible silicone rubber.
The resistance wire in the mat is made by spiralling
fine nickel alloy wire around a glass string. The
etchant is maintained at a set point temperature by
means of a thermoregulator. For temperature control,
the thermorcgulator is combined with a Versa Therm
eiectronic control relay. The solid state relay has a
transistorised voltage amplitier; its response time is in
milliseconds. Heating or cooling proceduses and tem-
perature maintainance can be controlled reiiably and
consistently to a remarkably fine tolerance by this
system.

After irrudiation the samples were etched in 4 solu-
tion of 6.25N sodium hydroxide at 50°C in four
different batches for 7h, 17h, 30h and 48 h. In
order to distinguish the background against tracks
due to protons, a virgin sample ol CR-39 was always
etched with each batch. After etching, the samples
were washed in tap water at etch-bath temperature,
and then let't for drying.

3. Results and discussion

AlE measurements were made on a Koristka R4
microscope using a X80 Zeaiss dry objective and X10
wideficld American Optical eyepiece. A total of 1000
tracks were measured on all samples etched in the
four dirferent batches. In tig. i are shown the distri-
butions of track diameiers fur protons from sampies
stehed tor 2C h for all incident encrgies. The distribu-
tions clearly show an excellent energy resoiution for
protons of different energics. Fig. 2 shows etch pit
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Fig. 1. The diameter distribution of etch pits of protons.

diameter as a function of proton encrgy. The samples
etched for 48 h show a maximum slope, thereby indi-
cating a better resolution.

Fleischer et al. [8] gave the main theoretical basis
to describe the track geometry in a wide range of
experimental  situations. In other investigations
[9—11] it has been recognized that measurements of
track diameter (D) as a function of the amount of
bulk matcrial removed (41) can be used tor 1deantitica-
tion of rucicar particles. This method is applicable
tor particle track which lie in the region of detection
limit such as protons where the track diameter is a
more sensitive function ot jonization rate than track
length. {n principle the method should work for par-
ucles incident at arbitrary angles on a solid surface,
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Iig. 2. I'tch pit diameter (D) as a tunction of proton energy
(£). The parameter on cach curve represents ctch time.

but in practice it is much simpler if the detector can
be positioned such that particles are nearly normally
incident. The amount of bulk material removed is
defined as

h‘—‘ngdt.
0

Fig. 4. Photomicrographs of mouths of etched tracks of nor-
mally incident protons. a) 1.5 MeV protons, b) 2.2 MeV pro-
tons.

were irradiated in vacuum with fission fragments
from 252Cf source and then etched for a definite
period of time. The bulk etch rate is given by

Vg=D/2t )

where D is the diameter of fission fragment tracks

cbnignindd

Aca sl

T T

where ¥y is the bulk etch rate. In order to detenmine and 1 is the etch time and finally h is given by V1.
the value of 1y for CR-39. smull arcas of detectors Fig. 3 shows etch pit diameter as a function of
]
20 1.5 MeV

1

2.2 MeV

Dlum)

3.2 MeV
. ok 4.3 Mev
y
3

L i 1 )|
0 20 30 40
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[ Fig. 3. Etch pit diameter (D) as a function of bulk material removed from one surface (Fgh).
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amount of bulk material removed from one surface
for various etch times and for all incident energies.
The theoretical form of D-h curves in fig. 3 were
obtained using the procedure described by Somogyi
et al. [11]. In fig. 4 are shown photomicrographs of
the mouths of etched tracks of normally incident 1.5
MeV and 2.2 MeV protons. The etch pits were photo-
graphed with a X12 objective using Leitz Ortholux
microscope.

It is a pleasure to thank John Pantazis and Alan
Huber for invaluable advice on instrumentation. The
rescarch grant at Emmanuel College was supported by
Air Force Geophysics Laboratory under contract No.
F19628-79-CL102.

References

[1] R.L. Fleischer, P.B. Price and R.M. Walker, Nuclear
Tracks in Solids (Univ. of California Press, Berkely,
1975).

312

(2! B.S. Carpenter and P.D. Lafleur, Intern. ). of Appl.
Rad. and Isotopes 23 (1972) 157.

[3] H.B. Luck, Nucl. Instr. and Meth. 116 (1974) 613.

[4] G.V. McKinley, Radiation Effects 37 (1978) 199.

[§] B.G. Cartwright, K. Shirk and P.B. Price, Nucl. Instr.
and Meth. 153 (1978) 457.

[6] R.C. Filz, Air Force Geophysics Laboratory, Instrumen-
tation Papers. No. 277, 1979.

{7) We are currently investigating the possibility of detect-
ing higher energy protons using CR-39. Irradiations are
being carried out at Cyclotron Laboratory, NASA-Lewis
Research Center, Cleveland.

[8] R.L. Fleischer, P.B. Price and R.M. Walker, Ann. Rev.
Nucl. Sci. 15 (1965) 1.

[9] G. Somogyi, Nucl. Instr. and Mcth. 42 (1966) 312.

(10] G. Somogyi and S.A. Szalay, Nucl. Instr. and Meth. 109
(1973) 211.

{11] G. Somogyi. K. Grabisch, R. Scherzer and W, Enge,
Nucl. Instr. and Meth. 134 (1976) 129.

'@




PPy

APPLICATION OF CR-39 TRACK DETECTOR
FOR DETECTION OF PROTONS;
3He AND 4He IONS

Y. V. Rao*, M. P. Hagan* and J. Blue**

*Physics Research Division, Emmanuel College, Lexingion,
Massachusetts 02173, USA
**NASA-Lewis Research Center, Cleveland, Ohio 44135 USA

ABSTRACT

We report here the successful detection of 10-MeV protons, 70-MeV e ions, and
52-MeV %He ions in CR-39 plastic track detector. The normalized track etching
rate as a function of residual range for these particles has been obtained. Our
results suggest that the response of CR-39 track detector to protons, SHe fons and
4He ions in these energy bands can be represented as a function of
Z%ffﬁ'z(1+0.051n82Y2-0.0582). We conclude that CR-39 will register tracks of per-
pendicularly-incident particles with Z/8 as low as 8. The implications of these
results with particular reference to detection of light-ion flux in the neutron
beams used for cancer therapy are discussed. Our results also indicate that clear

discrimination would be possible between “He ions and “He fons in these energy
bands.

KEYWORDS

3 4

CR-39 plastic; nuclear track detection; protons; ~“He and

He 1ions.
INTRODUCTION

The thermoset plastic sheet cast from CR-39 monomer has been found by Cart-
wright, Shirk and Price (1978) to have a unique sensitivity and resolution in the
recording of nuclear particle tracks by track etching technique. Recently we have
utilized CR-39 plastic to detect monoenergetic protons up to 4 MeV (Rao et al.,
1981) and to determine charge composition of heavy primary cosmic rays (Rao et
al., 198la). The sheets of CR-39 which we have used in the present investigation
were obtained from Pershore Mouldings, Ltd., England. We have for the first time
employed this detector for the detection of 10-MeV protons, 70 MeV 34e ions, and
52-MeV “He ions and have obtained a smooth variation of normalized track etching
rate as a function of residual range. Our results also indicate that CR-39 will
register perpendicularly-incident particles with a value of Z/{} as low as 8.

IRRADIATION PROCEDURE

The irradiation arrangement at the NASA-Lewis Research Center's cyclotron is
shown schematically in Fig. 1. This drawing shows the pertinent part of the beam
line where bending and focusing magnets are adjusted to produce a 10 mm beam spot
upon a 2.5 pym tantalum foil. This foil is centered in a 0.1 m diameter beam duct
at a position immediately in front of a 6 m shielding wall. Small angle scatter-
ing in the foil produces a uniform flux distribution over a 75 mm diameter circle
located at the far side of the shield wall. A measurement of the induced racdio-
activity at this position showed that the particle flux varies less than #5%.

The inset in Fig. 1 shows the 75 mm diameter end plate onto which the CR-39
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sheets were affixed with double-face adhesive tape. A gold surface barrier detec-
tor was mounted to a 3NC feed-through connector.
This detector was used to monitor the number of
particles passing through the 3 mm diameter tan-
talum collimator located immediately in front of
the detector. Because of the uniformity of the
particle distribution, the total number of de-
tector pulses in an irradiation was used to
determine the particle fluence of the CR-39
sheet.

After mounting the CR-39 sheets, the end
plate was held against the "0" ring at the
end of the beam duct and the roughing valve V “'“i E

|

i C01
/nunwu

COLLINATOR

opened to remove most of the air. Then atmo-
spheric pressure holds the end plate in posi~
tion and the gate valve was opened to place the
sheets in the high vacuum of the beam duct.

HORITON!
/ BINOING MM"I

42?: 1L
et

Following the above procedure, three stacks of crewsaon f
CR-39 sheets were exposez to 10-MeV protomns, 70- '“'l evcuormon
MeV 3He ions and 52-MeV “He ions. For proton and E
44e irradiations, sheets of thin CR-39 (each LEWIS AEIEARCH CENTER CYCLOTAON
100 ;m thick) were used, while for 3He exposure Fig. 1. Schematic representa-
sheets of thick CR-39 (each 500 um thick) were tion of irradiation arrangement

employed. 1In all these irradiations the beam
was normally incident to the surface of the detector.

ETCHING PROCEDURE AND MEASUREMENTS

The etching procedure was described by Rao et al. (1981) in an earlier publi-
cation. The stacks exposed to nrotons, -“He ions, and 4He ions wure etched for 74,
49.5 and 47 hours respectively in a solution of 6.25 N NaoH at 50°C. In order to
distinguish background against tracks due to beam particles, a virgin sheet of
CR-39 was etched simultaneously. The bulk etch rate for CR-39 was determined from
the track diameter measurements on tracks due to fission fragments from a 252¢c¢
source, Pregision measurements were made on the surface diameter of tracks due
to prvotons, -He and “He in all sheet: The measurements were made with a Koristka
R4 microscope using a X80 Zeiss dry objective and X10 widefield American Optical
eyepiece. 1t should be pointed out that no attempt was made to follow individual
tracks into various sheets. Rather, a large sample of tracks was measured on each
surface of the detector, and the mean diameter was computed. The track etching
rate was estimated from mean diameter of the tracks. The particle's residual
range is determined by adding the thickness of each sheet from the stopping point
to the top of the stack, taking into account the surface layer removed during
etching. For each value of track etching rate, an appropriate value of residual
range was assigned to obtain an experimental point on an etching rate versus resi-
dual range curve.

RESULTS AND DISCUSSION
Figure 2 shows the variation of normalized track etching rate as a function of

residual range. Following the phenomenological approach of Price et al. (1967),
the experimental data have baen fitted with the function:

n
vT/vg = AJ 1)
where
3= @, 8 ke st - 32] (2)
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The effective charge, Zeff, of an fon of atomic number Z and with velocity 8 can
be expressed as

Zogs = 2 [1 - exp(-l30[32-2/3ﬂ (3

A and n are constants.

Our results suggest that the response of CR-39 to 10-MeV protons, 70-MeV 3He
ions, and 52-MeV “He ions can be represented as a function of

(zsz 8~2) [1 +0.05 n 82Y2 - 0.05 szj

1.36

552 MeV He*
132 0 70 MeV He3
e {0 Mev P

1.28

(Rel o

1.00

I 4 1 | L
500 1000 1500 2000 2500 3000
R(pum)

Fig. 2. Normalized track etching rate as a function of
residual range for protons, 3He and %He

Recently there have been several investigations of light-ion production associ-
ated with collimated fast-neutron beams (August et al,, 1979; Lambert et al.,
1980). A significant component of light~ion flux has been attributed as respon-
sible in part for the greater-than-anticipated late-skin reactions observed in
connection with fast-neutron cancer therapy. Also, by i{dentifying the light ious,
it is possible to estimate roughly their contribution to epidermal and subcuta-
neous doses in tissue. By exposing stacks of thin CR-39 sheets to fast-neutron
beams, and with subsequent etching and precision measurements, it is also possible
to estimate the light-ion component {n neutron therapy beams, Finally, a compari-
son was made between track densities due to protons, °He ions, and “He ions in
CR-39 sheets and the counts given by silicon detector, and it was found that the
registration efficiencies were close to 100%.

The work at Emmanuel Collage was supported by Alr Force Geophysics Laboratory
under Contract No. F19628-79-0102.

C e e e L G PR e e % s Sovem i

Y

. |




REFERENCES

August, L.S., Shapiro, P. and Beach, L.A. Bull. Am. Phys. Soc. 24, 855, 1979

Cartwright, B.G., Shirk, E.K. and Price, P.B. Nucl. Instrum. Meth. 153, 457, 1978

Lambert, J.M., Treado, P.A., Allas, R.G., Peterson, E.L. and Shapiro, P. Bull.
Am. Phys. Soc. 25, 585, 1980

Price, P.B., Fleischer, R.L., Peterson, D.D., O'Ceallaigh, C., 0'Sullivan, D. and
Thompson, A. Phys. Rev. 164, 1618, 1967

Rao, Y.V., Davis, A., Spencer, T. and Filz, R.C. Nucl. Instrum. Meth. 180, 153,
1981

Rao, Y.V., Davis, A., Hagan, M.P. and Filz, R.C. Origin of Cosmic Rays (Eds.
G. Setti, G. Spada and A.W. Wolfendale) D. Reidel Publishing Company,
Dordrecht-Holland/Boston-U.S.A., page 37, 198la

316




Y

™

P

v

DETECTION OF 10-MeV PROTONS, 70-McV *He ions,
AND 52-MeV *He IONS IN CR-39 TRACK DETECTOR

Y. V. Rac and M. P. HacaN
Physics Research Division, Emmanucl College Lexington, MA 02173, U.S.A.

and
J. Brue
NASA-Lewis Research Center Clevelund, OH 44135 US.A.

(Received 28 July 1981; in revised form 8 March 1982)

1. Introduction
THY THERMOSET plastic sheet cast from CR-39
monvmer has been found by Cartwright, Shirk and
Price (1978) to have a unique sensitivity and
resolution in the recording of nuclear particle
tracks by the track etching technique. Further-
more. it was found to have a lower detection
threshold and a smaller variation of response to
particles of a given rate-of-loss of energy due to
ionization. Somogyi and Hunyadi (1980) and Ben-
ton ¢t al. (1980) reported the registration charac-
teristics of protons and alpha particles in a CR-39
detector. The energy ranges covered by these
authors asre 0.5 to 7.0 MeV for protons and !
to 6.1 MeV for alpha particles. Recently, we have
utilized CR-39 plastic to detect monoenergetic
protons up to 4 MeV (Rao er al., 1979 and 1981)
and to determine charge composition of heavy
primary cosmic rays (Rao e gl., 1981a). The sheets
of CR-29 which we have used in the present
investigation were obtained from Pershore
AMouldings. Ltd., Englund. Thin sheets (100 um
and SO0 ;cm thich) were cast from allyl diglycol
virbenate monomer manutactured by Arinor Ltd.,
Paris. We have emploved this detector for the
detection of 10-MeV protons, T0-MeV *He ions.
and 32-MeV 'He lons and huve oblained a smooth
variation of normalized track etching rate as a
tunction of residual range. Our results also in-
dicate that CR-39 will register perpendiculariy-
tncident particles with a salue of ZB ay tow s 7.
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2. ETCHING PROCEDURE AND MEASURE.
MENTS

Three stacks of CR=39 sheets were exposed tu
10-MeV protons. 70-Me\' "He ions and $2-MeV
*He ions. For proton and “He irradiations, sheets
of thin CR-39 (cach 100 :m thick) were used,
while for *He exposure sheets of thick CR-19
teach S00 pm thick) were employed. In all these
tradiations the beam was normally incident to the
surface of the detector

The etching procedure was described by Ruo «f
al. (1981) in an carlier publication. The stacks
exposed to protons, 'He wns. and “He ions were
otched for 74, 49.5 and 47 h. respectively. in 2
soistion ¢f 6.23N NaoH at S0°C. In order to
distinguish background against tracks due te beam
varticles. a virgin sheet of CR-39 was etched
simultaneously. To estimate the value of the bulk
etching rate (V) for CR=39, snall arexs of detes-
1ors were trradiated in vacuum with fission frac-
ments from a *Cf source and then ciched for a
Jdefinite period of time. The buik etching rate is
piven by V, = D2, where 1) is the diameter of
normaliy-incident fission-fragment trache and 1 s
the etching time.

Precisica meastrements wers made on the sur
Tace diameter of tracks due to protons, He rons,
and ‘“He ions in all sheets. The mesurements were
made with ¢ koristht RS mucroscope using o SN0
Zeiss dry objective and 1o widefickl Amencan
Opticul evepiece. It should ke pointed ot that ne
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attempt was made o foliow individual triacks into
vanous sheets, Rather, o large sample of tracks
was measured on each surface of the detector. and
the meun diemeter was computed. The track etch-
g rate was estimated using the relution:

Z+ f:

ViV, = %3"_’;‘. M

where Vyoas the track ctching rate, V, is the bulk
etching rate, r is the surface radius, and h(= V)
is the amouni of bulk material removed from one
surface during an etching time 1.

The particle’s residual range is determined by
adding the thickness of each sheet from the stop-
ping puint to the top of the stack. taking into
account the surfuce layer removed during etching.
The residual ranges of 10-McV protons, 70-MeV
‘He ions, and S2-MeV *He ions were compared
with range-energy tables of Holeman et al. (1980)
and found to be in good agreement. For cach value
of track etching rate, an appropriate value of resi-

*11 should V-2 pointed vut that the detectors need pro;
on temperatuse during regictration (O'Sullivan and Thor
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cduad range was assigned to obiain an experimental

point on an etching rute versus residual-range
curve.
L RESULTS AND DISCUSSION

Figure | shows the variation of normaiized track
etching rate as a function of residual runge. Fol-
lowing the phenamenological upproach of bFrice et
al. (1967). the exporimental data have been fitted
with the function;

V=VV, =AJ", Q)
where
J=(ZB MK +1n g7y - ] )
The effective charge, Z... of an ion of atomic
number Z and with a velocity {1 can be eapressed
as

Z.o=2Z[) -expl- 13037 Y 4

A and n are constants.
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Fii. ¢ Normahzed trach etehing ral2 as o funchon of readind canee fur protons, 'He and *He.
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“He and ¢) 52-Me\ He incident normally on CR-39 plastac sheet,  In bige 2 oa-,
the shallow low-contrast etched pits are Jdue te 10-Med protons,
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Table 1. Detection thresholds for varous track detecton

Leaun Polycarbonate

Cellulose Nitrate CR-¥

zip 60

n i

Assuming K = 20, the data have been fitted with
the above function. Our results suggest that the
response of CR-39 to protons can be represented
as a function of V =0.801 J°™, while V =0.514
J*'% for the 'He and *He.

A CR-1}9 detector is being devcloped for in-
clusion in the Long-Duration-Exposure F,\'t’:ility of
NASA (DiBattista. 1977) to study the flux and
encrgy spectra of trapped protons in near-Earth
orbits. It 15 an extremely suitable* detector for
this experinent because very low-energy proton
tracks are registered and good discrimination is
possible between protens and heavier particles.
The trach etching rate is only slightly greater than
bulk etching rate for protons. and hence normally-
incident protons are recorded. The latent damage
trails produced in the detector are stable thermally
{Khan and Khan, 1980) and this. in effect, reduces
the thermal problems encountered with other pas-
sive detectors,

Recently there have been several investigations
of light-ton production associated with collimated
fast-ncutron beams (August ef al.. 1979; Lambert
et al.. 1950). A significant component of light-ion
flux has been atiributed as responsible in part for
the grecter-than-anticipated  late-tkin  reactions
observed in connection with fast-neutron cancer
therapy. Also, by identifving the light jons. it is
possible to estimate roughly their contribution to
the epidermal and subcutancous doses in tissue.
By exposing stacks of thin CR-39 sheets to fast-
neutron beams. and with subsequent etching and
precinion measurements, it is alko possible to
estimute the light-ion component in  neutron
therapy beums,

In Table 1 are presented the detection
thresholds for sarious track detectors. A valuez of
Z:8 =7 for CR-39 plastic makes it an excellent
detector to study the charge composition of heavy
cosmic £:ys over o wide range of Z Havashi and
Doke (198 arrived at sumibar conclusions from o
study of relativistic heavy pratary cosmic ravs,

Finally, a compurison was made between track
densities due to protons. 'He ions. and *He ions in
CR-39 sheets and the counts iven by the siiicon
detector, and it was found that the registration
efficiencies were close to 1007, In Fiz. 2 ar
shown photomicrographs of mouthe of etched
tracks of protons, 'He ions. und “He ions incident
normally on CR-39 plastic sheet.
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Holemun for the programming acsistance and Mr A
Davis for his part in the imtial rhase of this worl,,
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0.1 - 100 Mc¢V PROTON FLUXES AT THE QUTER LEDGE
OF THE IKNNER TRAPPED REGION

R. Filz (Air Force Geophysics Laboratory,
Hanscom AFB MA 01730)
D.R. Parsignault (Emmanuel Colleje,

Boston MA 02115) 2.
E. Holeman (Emmanuel College, Boston
MA 02115) 3.

Charged particle telescope flown on S3-2

and S3-3 Air Force satellites have pro-

vided data on trapped proton fluxes, in

the 0.1 - 100 MeV energy range, during

1976 and 1977. VWhile these instruments

were designed for soft proton spactra

which typically occur in solar events, 4
reliable data were obtained at the outer

edge of the inner trapped region (2 <L

N 4), and at minimum mirror point alti- 5.
tudes 100 km < h_. < 4000 km.

~oomin N 6.
We report proton fluxes over the 0.1 -
100 MeV energy range for the 1976-1977 7.
time period, and compare them to carlier
measurements. L[nergy spectra which can- 8.
not Le fitted by a single distribution
(exponential or power) are also pre-
sented.

9.
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ELECTRON FLUXES OVER THE POLAR CAPS

D.R. Parsignault (Emmanuel College, Boston

MA 02115)
(Sponsor: Dave Hardy)

Observations of electron precipitations
(0.050 - 20 keV) over the polar cap
regions (Lat } [82°]) were made using
the electrostatic analyzer on board the
DMSP-F2 satellite, from February 13-17,
1978. This period coincided with a
large PCA event.

Increases in the electron fluxes from
106 el/cm2-.sec-ster were observed to
coincide with the onset of the PCA
event (9:30 UT, Feb 13, 1978) associ-
ated with a hardening of the energy
spectrum. The following polar

passes on February 14, 15 showed an
increase of at lcast one-ordecr of mag-
nitudec, espccially over the South
polar cap region. On February 10,
0:10 UT the flux _over that region
reached 7.5 x 107 el/em2-sec-ster.
Sporadic electron acceleration in the
keV region is evident during the per-
iod of observation. Comparisons with
electron data from ISEE-B are made.
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A 13-YEAR CONTINUQUS DECREASE IN THE 8-25 MeV
PROTON POPULATION AT LOW L VALUES

D.R. Parsignault, E. Holceman (Emmanuel College - 1. 1980 Fall Meeting
Boston MA 02113) .

R.C. Filz (AFCL Bedford MA 01731) 2. PARS20-289
A five-vecar continuous observation, 1963 to 3. Corresponding address:
1968, of the 8-25 MeV proton population, at D.R. Parsignault
L < 2.0, had shown a monotonic decrease in this Emmanuel College
population (Bostrom et al.,1971), This decay on 400 The Fenway
the different {ield lines had gone. until now, Boston MA 02115
unverified and upexplained.
We have observed the same proton population 4. SM (Magnetospheric Physics)
from 1970 to 1976, using experiments flown on
several USAF satellites (72-1, $3-2, §3-3). 5. -
Using these data together with published data
frem the DIAL satellite, we show that the de- 6. O
creases in the proton fluxes first observed by
Bostrem et al. have continued unabated, at least 7. 15% (at 1980 Spring Mtg.)
until August 1976, and with the same original
mean lives., For example, the proton flux at 8. a. Emmanuel College ]
L = 1.35 decaved over the 13-year period (1963~ Business Office
1976) with a mean life, T = 6.0 ¥ 1.0 years. At 400 The Fenway
L = 1.35, the mean life, T = 4.55 ¥ 0.1€ vears. Boston MA 02115
Yowevar, the preton {lux at L = 1,20, whach had
first been reported as constant, started de- b. P.0. #4369
E! creasing ~ 1970 to 1976 with 1=3.06 to0.25 yaars. c. N/A [
Possible explunations for this observed phe- 1

[ nomenon can be divided into the two categorizs 9. C

- of natural and artificial ecffects. We review

1 these different effects and we are driven to the

5 conclusion that we are sceing the decav of the "
3 high ¢nergy protons injected by the "Starfish" »
high altitude nuclear explosion. . 1

Bostrom, C.0., Beall, D.S., and Armstrong, J.C,, i
“Ti-c Lilstory of the inavr radiation zone
October 1963 to December 1968", Hodels of the ]

}. Radiatica Environment, Volume VII: Long Torm »

Variations, 25-35, 1471, -
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THE CENERALIZED GEOMETRICAL FACTOR
o
PARTICLE TELESCOPES FOR TRAPPED RADIATIONS

P. S. Young
Physics Department, Mississippi State University
Mississippi State, Mississippi 39762 U. S. A.

E. G. Holeman, D. R. Parsignault and M. P. Hagan
Physics Research Division, Emmanuel College
Boston, Massachusetts, 02115 U. S. A.

R. C. Filz
Alr Force Geophivsics Laboratory
Bedford, Massachusetts, 01731 U. S. A.

ABSTRACT

In analyzing the trapped proton data obtained
by the instruments on board the U. S. Air Force Sat-
ellites $73-6 and S74-2, the formulation of the
Generalized Geometrical Factor, G(n,A), for the
particle detector telescapes has been developed,
taking into account the anisotropy of the trapped
radiations. The numericial and Monte Carlo methods
were used to evaluate this G-factor. The results
were applied to the reduct .on of the proton data
in the energy range from 0.1 to 6 MeV.

In this paper, we present the mathematical
formulism of the Genecralized Geometrical Factor
and som: sample data which demonstrate the impor-
tance of this factor in the analysis of the pitch
angle distributions and the energy spectra of the
trapped radiations.

1. Introduction

Solid state electronic detectors of AFGI® have been flown in the
near earth space on the U. S. Air Force Satellite S73-6 aud $74-2 since
1975. The detectors were the P-a telescopes and LEPS (l.ow energy proton
spectrometer). These instruments were designed to detect the trapped
protons of encrgy ranging from 0.1 to 6 MeV through eleven channels.

In analyzing our vast data of the low encrgy protons, the generalized
geometric facter for the detector systems has been formulated and cal-
culated by using the numerical integration and Monte Carlo Method. Since
the factor depends on the radiation's anistropy und the effective arca
of the letector system, its numerical values are applicable to our data
cnly. However the formulation of the factor and {tu varfation with the

®* Alr Force Geophysies Laboratory
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index of the pitch angle distribution as well as the spin-gcomagnetic
angle are worth reporting. For they should clearly illustrate the sig-
nificance on the data-analysis and the conditions of the data-collection
performed by our satellite-borme telescopes.

Under these considerations, this paper briefly reports the develop-
ment of formulating  the generalized factor. In addition, this paper presents
some samples of analyzed data of the low-energy protons--the pitch angle
distritution and energy spectra.

2. Method

In presenting the forzulation of the generalized geometric factor G,
it is necessary to emphasize its importance. It is the factorused to
reduce rhe unidirectional particle flux of energy E,J,(E),from the
counting rate dN/dt, where the subscript "," refers to the flux of the
inconing particle perpeundicular to the local geomagnetic field B. The
relations among J., G, and dN/dt can be expressed by:

dN/dt
LE) = Te(E) (1)
where € (E) = efficiency of the detector for detecting particles of erergy E.

Since G represents the gathering power of the detector telescope with
respect to the incoming particle flux, it is a function of the angular
distributior. f(&'. sy of the flux and tne effective area Aoff of tha
telescope. It is defined as follows:

¢ = 5 S £(0°6) d p-dA (2)
& Aeff

wvhere 5 is the uait vector opposite (o the direction of the incoming
particle; =, e polar angle between p and the local mugnetic ficld IF
', the azinuthal (ugle of p with respect to ®;6, the solid angle defined
by che telescope’s aperture; and Agpy, the effective area in the telescope.
Figs. 1 and 2 illustrate the geometry,

A

w |

Fip. 1. Suerellite Coordinate Systen rFig. 2. Effective Arca {n Teleso e
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Under stationary conditions, the angular distribution f(6', ') {s
sxisymmetric with the local magnetic field B but anistropic in 0'. The
®' dependence can be described by (sin 0')" where n is the parametric
index to be determincd empirically. Hence Eq.(2) leads to

S j' (stn 0')™ do p-dA 3)
Q A £

In evaluating C for our data analysis, the conditions for data-
collection must be taken into consideration. The Air Force Satellites
$73-6 and S74-2 spin approximately four recvolutions per minute. 1he
detecting instruments (i.e. the P-a telescopes and LEPS) aboard th
satellites had quite fast response. The slowest time period for recording
the counting rate at various energy channels was one second. Therefore,
during each counting period, the telescope axis can be regarded as being
stationary. For the convenience of mathematical*operation of Eq. (3)
we choose the telescope axis as the #-axis, the B-Z plane as the §-Z plane
and the mid-point of the telescope as the origin. Fig. 1 illustrates

this choice which enables us to convert Eq. (3) into the following form
(see AFGL TR-78-0137)

n/2
2
G(n,2) = 2r? cose sit@ 1—(cosk cosb -sin) siné sin#)'

- D b
x cos 1 -—2—- tane) <% t;ane)x [- (% tan%’] ded¢ (&)

wvhere OM = tan-l(%g) (maximum polar angle for an incoming particle to pass

through the top and bottom detector surfaces of the telescope).

Tquation (4) was f{rst calculated bty use of the numerical intevraticor
methcd. Taen we used the Monte Carlce methed for a douhie checn. The resulis
from the two methods were found in excellent aurccmvnt. tneon the tabulated
G(n ) was being applicd in deducing J, from tie sorted doza, Ao n\.dclrruluvl
by krowing the relative position of the tclescnwe with respect of o 1n?

n by fitting the weasured angular dirtribution of the Jdota witic (sin 7)Y
In the nuxt section, some sample results sve presented.

3. Results and Discussions

Because of the limited space of this report only one sct of G(n,t),
three pitch angle distributions, and two energy spectra are plutted In four
figures below.
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Although the value of G(n,A)
varies with the detector's dimen-.
sions we still can see its typical
form from Fig. 3. First of all,
at n=0, G(n, )doe: not dJdepend on
A and is sipply the built-in pure
geometric factor of the detector.
For instance, it is equal to 0.0139
cm?-ster for the LEPS with a narrow
full opening angle of 23°. Sccond,
all curves of G(n, i) converge to
the pure geometric factor when
A approaches to 90°. Thard,
G(n,r) descends steeply with the
increasing r.

In Fig. 4, the theoretic pitch

€{x2)

{(Gonncolissd Cosmatslc

angle distributions are plotted against

the actuul proton fluxes measured
at the mignetic sheils: L=1.95KRg,
2.70 Rgoand 3.74 Rp. Although the
magnetic Ticldé for Fig. 4(a) was
found 1 iittie higher than the othe

r

two, they can be considered identical

Based ¢n this consideration, the

varjation of the distributions can
be attributed to the magnetic shell
and the pitch angle 9. 1t 1is very
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clear from thiy figure that n
decreases when I {ncreases.
Furthermore the actual distribu-
tions seccm to be steeper than the
thcorctical ones when the pitch
angle drops to lower than 40°.
The two encrpy spectra
plotted in Figs. 5 and 6 demon-
strate the general fcature that
the flux of bhigheT energy pro-
tons is smaller than that of low-
er -energy ones in the regions
of equal magnetic field. Another
feature indicated by this figure
is that the flux belonging to
any energy level at a region of
lower magnetic field is higher than
those of the same encrgy level
at a8 higher field region. Although
a very few points do not follow
this pattera, we ray regard them
as the s; .rious points of statis-
tical nature. Finally it should
be noted that the ragnitude of
the fluxes, ranging from10“ o
107, agrees with the previous
observaticns of other workers.

4. Conclusions

From the results presented in
preceding section, we can reach the
following texporary conclusions:

The fast respoase ot the P- &
telescopes and LEPS has simplified
our formulaticn of the G factor
because of no reed of takiag the
time average ol counting rates.

Since the purc grometric fac
tor G(0,') and mavimun angle of
acceptance V' stan~ ! (2e/b)  for the
narrow-acple LEPS are cqual to
0.0139 crm?-ster and 12.3° respec-
tively, the instrumeat provided us

wich a sharp angular discriminatioa.

The set cf G cuvves as plotted
in Figure 3 has shown that, at
A » 80° the G factors become almast
independent of the anisotropy of

the flux. This serves us a4 criterion

for selecting particular data for
the reduction of the information
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other than the angular distribution.

Although the objcectives of this paper do not Include the iatcrpretation
of the measured pitch angle distribution and energy spectra, we would like
to point out our cbscrvaticns: (i) tie anisotropy s2ems to fit the functicn
(sinv)™ very well from &' = 90° down to ~ 40° with cne value of n.
the smaller angles the distribucion tends to have a steeper slope which &2y
imply that more complicated processas are necacd [or int.rpretation:
magnitude and shapce of the energy spectra as siown in Figo. 5 and & are
found to be largely consistent witn those s reported 0 .iinalov aad Walte
ir 1966. A compilation of similar data for the last solir cvele should
provide adequate informacinn to determine the temporal and spatial fluctua-
tion of the low-energy pratoa f{lux.

A -
[$99

5. Acknowlejnument

The authors wish to thank Roberst Vesprini and Thomas Spencer for their
assicctance in computer programming fcr this work. Alsu we acknowledge the
valuable cortributien of John Pantazis and Alaun Huber in designing the
decector telescopes.

6. Refoerennes

The following list consists of only one part of the refcrences which are
either cdirectly related to this work or representative of previous works.

Filz, R. C., Space Res. 14, 32! (1974).

Fischer, K. M., Auschrat, V. W., and Wibberenz, G., J. Geophys. Kes.
82, 537 (1977).

Harmer, M. and Crannel, C. J., Joddard Space Flight Center Report
X-661-73-218 (1973).

Holeman. E£. G., Davis, A. F., and Hagan, M.
Re ot TR-74-0531 (1972).

Puataris, J., Hubert, A., and Hagan, M.
Remort TR-75-0637 (1975).

The s, €. R. aand Willis, D. M., T. Phys. F: Sceien. Tasce 5, 200 797

Wwnlte, R. S.,Thys. Today 1Y, 25 (l96¢).

Youn,:, P. S.,Vesprini, R., Holemaa, E. G., Spencer, 7., and §
Alt Force Ceophys. Lab. Report TR-7L- 51137

P , Alr Force Geophys. Luib.

Y..,Air Force Geophys. Lab.

louny, P. S., Vesprini, R., Holemin, <. G., and M. P.

Lan, Alvr Torce
Geophys. . ad, Report TR-76-Cl46 (1978)

330

(ii) the

_a_



— %

Solar Cycle Induced Modulation of the 55-MeV Proton Fluxes
at Low Altitudes

DANIEL R. PARSIGNAULT AND ERNEST HOLEMAN

Physics Research Division, Emmanuel College, Bosion, Massachusetts 02115

ROBERT C. FiLz

Air Force Geophysics Laboratory, Hanscom Air Force Base, Massachusetts 01731

Experiments flown on U.S. Air Force Satellites from 1961 until 1976 have measured the 55-MeV pro-
ton flux at fow altitudes, between 275 km and 600 km. The analysis of these data shows that in spite of all
the uncertainties involved, the agreement obtained between the theoretical calculations and the data is
quite good. We conclude that the major determining factors of the 55-MeV proton fluxes in the inner
zone are a nearly constant source coupled with a solar cycle varying atmosphenic ionization loss process.

INTRODUCTION

Measurements of the 55- to 65-MeV protun population at
low altitudes (275-600 km) have shown large changes in the
fluxes closely following the solar cycle induced atmospheric
density changes. Heckman and Nakano [1969) examined in
detail the inner radiation belt protons at low altitudes for a
period concurrent with the solar-minimum activity (Septem-
ber 1962-June 1966). They reported a high degree of stability
dunng that period. As solar activity increased after mid-1966,
these same authors observed a decrease in the 63-MeV proton
population [Nakano and Heckman, 1968] and by mid-1969
(solar maximum) this same population had decreased by
about a factor 2 relative to the solar minimum period.

Similaniv. Filz and Holeman [1965] carried out comparable
experuments, starting August 1961 until 1964, at the same alti-
tudes, and reported that the 55-MeV protor flux closely fol-
lowed the modulation expected from the variations of the
earth’s atmospheric density over that part of the solar cycle.
These authors also observed on July 9, 1962, a sudden in-
crease in the flux intensity, at the same energy, attributed to
the high-altitude nuclear explosion. ‘Starfish.” This increase
could be explained by nonadiabatic redistribution of the in-
ner-zone protons {Filz and Holeman, 1965]. Macy et al. [1970)
further extended the period of this investigation to 1969 and
found a rather good agreement of their data with a theory that
took into account only atmospheric ionization losses.

In this report we present results obtained over the period
October 1972 to August 1976, by three charged particle tele-
scope experiments flown on U.S. Air Force saiellites. We also
have added to the emulsion data previously published [Macy
ef al., 1970] and some unpublished results for the 1969-1971
period. Using a simple transport equation, we then show that
the 55-MeV proton flux modulation at low altitudes. from
1961 to 1976, can be reascnably well accounted for by the at-
mospheric density changes induced by the 11-vear solar ¢cycle,
In particular, the high fluxes measured in 1976 are in good
agreement with those observed 1n 1965, thllowing a decrease
to a minimum flux around 1968 -69.

THE EXPERIMENTS

The measurements uf the 55-MceV proton fluxes from 1961 -
1971 involved the use of emulsions carried on orniented, recos -

Copynght © 1981 by the Amencan Geophysical Union
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crable, polar orbiting Air Force satellites. These experiments
as well as the data analysis, up until 1969, have been described
in detail elsewhere [Filz and Holeman, 1965, A acy ¢t al.,
1970]). The data obtained from 1972 to 1976 were obtained
with instruments flown on-board the polar orbiting Air Force
satellites, 72-1, S3-2, and S3-3. The relevant orbit parameters
for these satellites are shown in Table I.

A solid state particle identifier telescope was flown on 72-1
[Morel et al., 1972, Fil: et al., 1974]. Two identical solid state
proton-alpha telescopes were used on S3-2 and S3-3, and
these have been described in another paper [Morel er al.,
1974).

DATA ANALYSIS

The data obtained with the particle identifier telescope on
72-1 has been reported previously [Filz et al, 1974; Holeman
and Filz, 1975]. The final data tabulations gave the directional
and omnidirectional fluxes sorted in various L groupings and
100 km-H,,, intervals. The 72- data, covering an L region of
1.14-3.40 R, and H,,, of 100-700 km were presented as a
function of pitch angle for each of the 5 energy channels (5-45
MeV). Preliminary data analysis of the S3-2 and S3-3 experi-
ment was also reported [Holeman et al., 1978]. These later
data have been analyzed in final form and will be published
shortly [Holeman et al., 1981]. The $3-2 and S3-3 data gave an
excelient coverage of the region "L-H,,,' space including 1.16
< L <300, 240 < H,,, < 1400 km, and 1.20 = L = 3.80, 250
=< H_, < 6900 km, respectively. The energy range covered
was 5-100 MeV. in § energv channels.

For this present wnvestigation, we sorted our data in appro-
priate L-H.,., bins, and the total fluxes were calculated for cir-
cular orbits of appropriate alutudes, i.e.. 275 through 600 km.
At each altuitude and for a circular polar orbats, the fluxes at 8§
MeV were averaged at each latitude (AX = 2°) over all longi-
tudes (A¢ = 5%). These tntegrations corresp ‘nded to a com-
plete coverage of the SAA and thus could be compared di-
rectly to the rather un.form coverage of the SAA by the 3-4
day durauen of the Air Force Satethite flights from 1961-1971.

THiORLT1CAL CALCULATION OF THE TiME DEPENDENCE

The trapped pratons are lost from the radiation belts by 10-
nzation and excitauon of atoms and by nuclear interaction
with the ruclet 1n the upp mosphere. However. at the en-

P PR

bt e ANA__




LA he 2l un od

————

ey

TABLE |.  Orbit Parameters of Air Force Satellites 72-1, $3-2, and
83-3

) T $3-2 $3-3
Launch Date Oct. 2. 1972 Dec. 3, 1975 July 8, 1976
Inclination, deg 95.4 96.3 97.5
Period, min 9i 96.3 {76.6
Apogee, km 750 1558 7856
Pengee, hkm 729 236 246

ergy of interest of ~35 MeV, ‘ve can safely ignore nuclear in-
eractions. Addiional Josses are caused by pitch angle scatter-
ing by hydromagnetic waves and by diffus.on across magnetic
field iines at umes of magncite storms and by vioiation of the
third adiabatic invariant. Af the low zltitudes under consid-
eration, 275-600 kra, we negicect ail loss mechanisms, but the
atmospheric 1omzation loss. The agreement of the theoretical
curve with our data justifies this assumption. We thus consider
the continuity equation in energy space.

aE !

AL, 0 J . aE | _ o
T T E JE. ) Py 'J—S(L') 1)

where E .. the proton energy and ¢ is the time. The second
terra on the ieft yepresents the loss term and the term on the
right, St ts the source. This source is assumed 10 be con-
stani in ume but may vary with energy and altuwude. This
source ircludes the co mic rdy albedo neutron decay,
CRAND, which varies by ~=12'% from its mean value during
the solar cycic [Blunchard and fless, 19€4]; the solar neutron
decay injection source SND {Clufin and White, 1970}, the in-
war radial diffusion and magneuc field decay. The magni-
tude of this souice is determined from the data of the 1963-
1905 period by ascunming a4 F, 1)/dt = 0. We consider a power
law tvpe sourve of the form S(&£) = SE* The loss term may
be written as [Dragt er 4l., 1966)

4 i . 8E. 9o, . dE
gp B0 C a['-,'lj‘t'” ax | @)

aqc

where we wrie e visiebie o, the proton velocity, as AE™”
and ol;ov = BE" Then the partial denivative can he carned
out and the uitierentiaf cquation so'ved for a constand atmo-
sphenic densuy o over o tinite penod of time ¢ [ Drage, 1971 XK.
Yates, private communicatior, 1979}

S {. ta4BD RS
JE = e (I L -'E,T"(l +1) ‘
) ' ABD ’!(I—D~A’..i’u
+ S E) paT (r+1). (3)
t )

where J (E) = J(E, O) = £.77% is the inial power law spec-
trum. In the encrey range of interest, a = 0.48, B = 0.77, and
A = tiiXe, wnere ¢ 15 tne speed of light. B = 8 x 1077 p,
where pois the averare awemie clectron density in electrons/
cm' [Macy eral 1970) Tihen D= ok g 1 and the solution
1o Le vquation (3) can be vrtien n terms of the equilibrium
Po er-law spedtran ttaden Lo fe ot ume 1963-65, when dJ/dr
=), 4B =R, L "eas
R.o,. | ey BRI
JE )= - z“ : R
[N B P SV

TS (1)
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This solution s more convenient than the iterative com-
puter soinuors, since 1t is stable regardiess of the length of
time coansidered (¢ need not be sinall). For the present calcu-
lations, we Lse ¢ = | month. High alutude atmospheric den-
sities vary both in magnitude and composition with a number
of parameters that include magaetic storm strengths, daily,
monthly and yearly variations and with the solar cycle. Since
our study cxtends over a 15-year period, we are justified in
considering only the solar cycie variation and smoothing the
other shorter time fluctuations over the solar cycle. The atmo-
spheric densities are thus represented by the average monthly
values, which is the most convenient form when performing
trapped proton calculations. A finer scale would be meaning-
less since proton lifetimes are long when compared to one
month, and in any case, more precise calculations cannot be
made since ornly oze indicator is available over the whole pe-
riod, i.e.. the S number (10.7-cm radio wave data). By treating
the density as a constant over a given monthly period. the
continuity equation (4) can be solved exactly by using the pre-
vious month’s solution as input to the next month. We esti-
mate that any error intreducead by this method must be far less
than that caused by our ignorance of the large daily fluctua-
tions and by our averaging method. Effectively, we use a den-
sity average derived from observed satellite slow down and
apply it to high-energy proton slow down. Our calculations
follow very closely thosc of Macy et al. [1970], and the method
used here gives essentially identical results to the iterative so-
lutions.

Furthermore, we found experimentally, for the anomaly
observed proton fluxes, that K does not vary much over a so-
lar cycle and therefore set it equal to the average index of 0.76
observed by Nakano and Heckmar (1968), which is also con-
sistent with our data. These authors also found no measurable
change in K cduring the penod ot their observations.

To correlate the emulsion data that are integrated over the
South Atlantic Anomaly with p, the atmospheric densities, we
used the comparably integrated densities of Macy et al. [1970].
From 1970 10 1977, we compute new densities from the Macy
¢! al. data, taking into account the actual measured variations
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Fig. 2. Proton flux intensities (protons m~2 s~' MeV~') as a func-
tion of altitude for a polar circular orbat, as calculated from the data
of $3-2 and §3-3 (July 1976), for E, = 55 MeV.

of the Harris and Priester S numbers (10.7 cm) during that
time period, smoothing out with a 2.5 year running mean.
This S number is related to F. the solar flux parameter, by
Harris and Priester [1963). The trajectory-averaged, anomaly-
averaged p, in electrons/cm’, are given for 275, 350, and 440
km in Figure 1.

Figure 2 shows the proton flux intensity as a function of al-
titude for a polar circular orbit, as calculated from the data of
$3-2 (January 1976) and S$3-3 (July 1976). We fitted the data

E * 55 Mev
2+ |l h=275km

PROTONS / m? sec MeV

[
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1961 62 63 6. 65 66 €7 68 63 IO Tt 72 7% T4 7% 76 77 78

TIME (yeoar)

Fig. 3. Proton flux intensity (protons m "% s™' MeV~") as s function
of ume, at 275 km, for £, = $% MeV.
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Fig. 4. Proton flux intensity (protons m~?s~' McV ') as a function
of time, at 350 km, for £, = 75 Me"/.

to a power law of the form J(H,) = C(H )", where H, is the
guiding center altitude and J(H.) is the omnidirectional flux
in protons/m? s MeV. We find C = 7.00 x 107" and K =
4.878 for the S$3-2, data and C = 8.16 X 10™* and K = 3.750
for the S3-3 data.

These two curves agree very well, both in slope and in-
tensity, with the various curves obtained with the emulsion
data ~ !l years before [Filz, 1968].

DiscussSION

The theoretical time dependence curves presented here dif-
fer slightly from those presented by Macy et al. [1970] because
we have attempted to obtain a ‘best fit’ to the data of the last
solar minimum (1976) and thus evaluated the measurements
taken during the current solar minimum. One sees in Figures
3, 4, and 5 that the emulsion data are fitted very well with the
following exceptions:

E = 55 Mev
h =440 km

PROTONS / m? sec MeV

1 i TS RO St It

2 A - A L " e i.
196! 62 63 €4 6% 66 67 68 €3 0 VW T2 7Y "4 73 76
TIME (year)
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i
77T 78

Fig. 5. Proton flux intensity (protons m~? s~' MeV ') as a function

of ime. at 440 km, for £, = 55 MeV
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t. The pre-sarfish data at 275 km and 350 km are toc low
by about a factor of 2 from the levels required 1o it the post-
starfish data. This is reveaied in the sharp initial rise in the
theoretical curve 1n 1962,

2. The (968, 1969, and 1970 data at 350 and 440 km are
about 307 too high in comparnison with the theoreticai predic-
tions.

These two excepiivns mutuaily oppose each other 1 an at-
tempt is made to chtain 4 better solution by adjusting the the-
oretical parameters. For example, an wncrease ia the assumed
equiitbrium tlux in 1963 -1965, at 440 km, would yield a beiter
agreement 10 1968, but a worse agreement with the pre-star-
fish (1963-1965, data A better fit to the daia would require a
solar cycle ume-dependent source out of phase with the den-
sity. The reutron albedy source does have a solar cycle depen-
dence but of the wrong phase and with only an expecied peuk
to peak ampiitude of 25%. However, if .he neutron albeco
sonrce were to contribute through an iaward radial diffusion
mecnansin such as the one suggested by Ferley and Walt
{1671}, then a recuced amplitude in the solar cycle depen-
dence would resuli. farley and Walt [1971] siate explicitly that
‘some protons will be drawn down from the large reservoir in
the heart of the 1inue. zone, partially compensating for the en-
harced atmosphenc losses.” Such an edect. if of sufficient
magaitude. would ceriainly help to explain our agparently too
targe 1966 proton fluxes.

Anuthier possibie source vaniation that would improve the
fit to the data would ve a source strength monotonically in-
creasing as a functicn of time. An increase in the source
sirength of about 5% per year would bring the theoretical
curves in better agreerment wiih the data.

While many new madels of the upper aimosphere havs
more recentlv peen developed [Jucckia, 1977, Hedin et al,
1957u, dl. these models are pnimanly aimed at tmproving tae
Knowledue of the chencal composition and its tire variation
and have not resulted in substantiai changes in ithe overal! av-
crage densitivs. The den ity versus temperature curves for the
various altitudes of aileient uere. as given by Jacchia {1977},
are almost wdenan! to these goven by Harris and Priesier
(19650 While the use of the newer madels could possibly re-
>tit an char ies o the curves poeseited here of the order of
2L 7 the accuracy ot our calculations and indeed of the newer
atmosphienic models themselves doce., not fustify the extensive
cateutauons which would be involved.

Coaclusion

We nave exanuned S5-MeV proton gats taken at low alu-
tedes. between 275 ard 000 km from 1961 unti 1576 Ve find
that 1 spite of &) (he uncertainties avolived. the agreer.ent
obt.rned betweea the thearetical calevlatuens and the data s
!t pood. #nd iy concluded that ihe mager delermining
faotors Gl the inuer zone proton tluxes are a4 nearly constant
suuice coupded wath @ soler-cvels varying atmosphene 1woniza-
100 Joss process

mchmoa Lden e We thank Mo¢ tlagan dor e sap oo un e
ity st thee reseer b Py wor ko wae sy porwed i pane ar e Car
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Long-Term Intensity Decrease in the 8- to 25-MeV Proton Fluxes at Low L
Values

DANIEL R. PARSIGNAULT AND ERNEST HOLEMAN

Physics Research Division, Emmanuel College, Boston, Massachusetts 02115

ROBERT

C. Fi.z

Air Force Geophysics Laboratory, Hanscom AFB, Massachusetts 01731

A five year continuous observation, 1963-1968, of the 8- 10 25-MeV proton population, at L < 2.0, had
shown a monotonic decrease in this population. We have observed the same proton population from
1970 to 1976, using experiments Aown on several USAF satellites (72-1, $3-2, $3-3). These data, together
with published data from the DIAL satellite, show that the decreases in the proton fluxes first observed

from 1963 to 1968 have continued unabated, at least

until August 1976, and with the same original mean

lives. The proton flux at L = {.35 decayed over the 13-year period (1963-1976) with a mean life 7 of 5.7 +
0.5 years. At L = 1.90, r was 4.55 £ 0.16 years. However, the proton flux at L = 1.20, which had first been
reported as constant, started decreasing ~ 1970-1976 with r = 3.07 £ 0.25 years. Possible explanations
for this phenomenon can be divided into the two categories of natural and artificial effects. We reviewed
these different effects and conclude that most likely we are seeing the decay of the high energy protons
sedistributed by the ‘Starfish’ high-altitude nuclear explosion.

INTRODUCTION

The long-term monitoring of the trapped particle finxes in the
carth’s magnetosphere should be of considerable help in the
understanding of its dynamics. However, the long-term be-
havior of the trapped protons is far from being understood,
and several outstanding questions remain unexplained,
among which is the apparent decrease of the proton fluxes, at
low L values in the 8- to 25-MeV energy range, observed over
a period of five years (1964-1968) by Bosirom er al. [1971].

In this paper, we report the results of several measurements
of 8.5- to 25-MeV proton fluxes made over several time peri-
ods of approximately six months long each, between 1972 and
1976. Our results indicate that the decrease in the fluxes first
observed by Bostrom et al. have continued unabated, at least
until August 1976.

INSTRUMENTATION

Our data were obtained using instrumentation flown on
board the polar orbiting Air Force satellites 72-1, $3-2, and
$3-3. The relevant orbit parameters for these satellites are
shown in Table 1.

A solid state particle identifier telescope was flown on 72-1.
For a description of this instrument, the reader should refer to
papers by Morel et al. [1972], and Filz et al. (1974]. Two iden-
tical solid state proton telescopes were used on $3-2 and S3-3,
and these have been described in another paper [Morel et al.,
1974).

DATA ANALYSIS

The data obtained with the proton telescope on 72-1 have
been reported previously {Holeman and Filz, 1975]. The final
data tabulations gave the directional and omnidirectional
fluxes sorted in various earth radii L, groupings and 100-km
H o intervals. The magnetic field model used in the analysis
was IGRIF 1965 model. The relevant magnetic field for the
year of a particular series of observations was then calculated

Copyright © 1981 by the American Geophysical Union.
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by using the secular change coefficient. The 72-1 data cov-
ering an L region from 1.14 to 3.40 earth radii, and H,,., of
100-700 km were given as a function of pitch angle for each
of the 5 energy channels (545 MeV). Preliminary data analy-
sis of the §3-2 and S3-3 experiments were also reported [Hole-
man et al., 1978]. These data have now been analyzed in a £-
nal form and will be published shortly {Holeman et al., 1981].
The §3-2 and S3-3 data gave an excellent coverage of the re-
gion in ‘L-H,,.’ space including 1.16 = L <30,240< H,,. <
1400 km; and 1.20 =< L = 3.80, 240 < H,,,, =< 6900 km, respec-
tively. H,,, is defined as follows: For a given set of B, L val-
ues, B-L iso-contours are drawn in the northern and southern
hemispheres. The minimum altitude for each set of these iso-
contours is called H,_ .. This minimum value occurs in the
southern hemisphere, in the South Atlantic anomaly, owing to
the offset of the earth’s dipole. The energy range covered was
from 5 to 100 MeV, in five energy channels.

The data from 72-1 were recorded over a six-month period
starting October 1972 and ending May 1973. During this time
period no significant intensity fluctuations were observed in
the regions of interest. The data from S3-2 consisted of 186 or-
bits from December 1975 to March 1976, and for $3-3 we ana-
lyzed 383 orbits from July 1976 until January 1977. The data
from S3-3 used in the present analysis were for the July-Au-
gust 1976 period. In addition, we used selected data from the
German satellite DIAL which were recently published [Fis-
cher et al., 1977]. These data were recorded in April 1970.

EXPERIMENTAL RESULTS

The original data recorded by the satellite 1963-38C
spanned a time period starting October 1963 and ending Jan-
vary 1969. During this period. the 8.2- to 25-MeV proton
fluxes were monitored at L values between 1.20 and 2.60. Be-
tween 1.35 5 L =< 2.20, the proton fluxes were observed to de-
crease monotonically as a function of time.

We selected data, taken with our three experiments on
board the three Air Force satellites, at the same B and L posi-
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TABLE 1. Orbit Paramciers of Air Force Satellites 72-1, S3-2, and

$3-3
Satellite

72-1 $3.2 §$3-3
Launch date 10/02/72 12/03/75 07/08/76
Inclination, deg 98.4 96.3 97.5
Penod, min 9t 96.3 17€.6
Apogee, hm s 750 1558 7856
Pertgee. km s 729 236 246

tions. These coordinates are listed in Tabie 2 together with the
mirroring protoa Huxes observed (protons/cm’® s sr MeV).

For the instruments or-board $3-2 and S3-3, the energy in-
terval under consideration corresponded to channels 2 and
3{8.0-13 and 13-25 MV, respectively) of ihe 5-energy chan-
nci spectrometer of each wnstrument. The closest channels of
the spectrometer on 72-1 which coincided with the energy
range of interest, were chanrels 2, 3, and 4 (7.0-12.2, 12.2~
18.2, and 18.2-28 MeV). We interpolated the data to cover the
energy range %-25 MeV, and took into account these correc-
tions as part of the uncertainties in the data points thus calcu-
lated. Similar corrections were applied to the DIAL satellite
data.

Tt.e values for the 1963-35C were taken from Figure 6 of
Bostrom er al. {1671]. The uncertaioties were estimated from
the scautering of the data points for the curve at L = 1.35. We
assigned the same percentage uncertainties to the data points
ai L =120and L = 190.

The data points of April 1970, recorded by the DIAL satel-
lite, were taken from Figures 5 and 6 in the paper by Fischer
et al. [1977]. Our interpolation of the data 1o cover the 8- to
25-MeV range together with the scattering of the data at v.ch
of the panicular (8, L) coordinate points, de‘ermined the un-
certawntics assigned to these data

Figure | shows the directional proton intensiaes (/,) in pro-
tons/cm?® s 57 MeV versus time, from January 1964 until An-
gust 1976, statting wiin the five-year contlinuous measure-
ments of {963-35C represented by the heavy lines.

In order to calculate the mean lives of the proton fiux de-
creuses, we penov ned a weighted least-square fii to a simpte
expeaental J, = J, exp (—1/7). As far as the 1963-38C data
were concerned, we took the intensities at the beginning and
ead of the measurement period. At L = 1.20, this satellite
measured a constart fiux Junng the S-year measurement pe-
riod. However. since our data clearly show a sieady decrease
in ihe proton flux on that ficld line starting somewhere after

January 1965, we valy consider in the fit the flux intensity at
that time together with the three other data points recorded
between 1970 and 1976.

Table 3 shows the resulting mean lives calculated from the
data. The mean lives at L = 1.35 and 1.90, as calculated with
the data available from 1964 to 1976, are in very good agree-
ment with the original mean lives as measured by 1968-38C
satellite. Our data at L = }.20 clearly shows a decrease on that
field line, in contrast with the constant flux measured during
19641968, period.

DISCUSSION

Possible explanations for the observed behavior or the 8- to
25-MeV trapped proton fluxes can be divided into the two cat-
egories of natural and arntificial phenomena. But the empirical
data indicate that during our period of observation (1964
1976) the proton fluxes had to exceed those which would oth-
erwise have been balanced by natural sources over more than
one |1l-year solar cycle.

For this reason, any explanation of a natural origin of the
phenomenon for injection requires large perturbation event(s)
not seen 1n the present ll-year solar cycle. Mcliwain [196.]
has observed changes in proton fiuxes at higher L values dur-
ing major magnetic storms. In particular, variations of the 2.2-
to 8.2-MeV proton fluxes were observed during the spectacu-
lar May 26, 1967, magnetic storm by Bostrom et al. [1971].
However, these same authors saw no variation of the 8.2- to
25-MeV proton fluxes at L = 2.

The order of magnitude decay of the 8- to 25-MeV proton
fluxes seen here between 1964 and 1976 at L = 1.20, 1.35, and
1.90 suggests that any increases caused by an earlier magnetic
storm (prior to 1964) must have been very large indeed. How-
ever, ihe rather exceptionally large May 1967 event was ob-
served to have no effect whatsoever at these L values [Bostrom
t al., 1971}. While storms comparable 1o this May 1967 event
(Dst. = —418 y) were seen in 1958 and 1959 (Dst = —422 y
and —436 v, respectively), no significant larger storms were
seen during the last two solar cycles. No magnetic storms with
Kp > 9- were cbserved from 1947 through 1956, [Cage and
Zawalick, 1972, Mayaud and Romana, 1977}, and the 4 Sep-
tember 1957 storm was not as large as the May 1967 storm
judging by the Dst measurements.

Several times during the previous and present centuries,
outstanding tropical aurorac have been observed, coinciding
with periods of excepiicnal activity on the sun [Chapman,
1957}. This type of magnetic storm could be responsible for
the very large injection of protons necessary to explain our

PSRRI

TABLE 2. Mirronng Proton Fluxes (8 < Ep < 25 MeV) at L = 1.20, | 35. and 1.90 as Measured from
January 1964 untl August 1976 by Satellites 1963-38C, DIAL, 72-1, $3-2, and $3-3

Proton Fluxes, s (p/M:\I."—c;n-’ s 86}
Jan. 1964 Jan. 1969  Apr 1970 Jan. 1973 Feb. 1976 Aug. 1976

0180 = 850190
L=1.2 "W h <800 2y 1 2 282 2% UL IS £3:£10 30=x04
B/B,= 1.
070 < B=0.180
Lw !t 800%h,, <9 206 £ 14° (N2 x 7 9% x 10* 200430 230t30
13! <= 8/8,-: 1.3
Q2uS= 8= 1022
(et 36600 b, S BUO i35 2:0° 4213 65xt.i 94204
425 < 8/8,5538

* E:tizaared unceriainties 11 the proton fluxes as taken from figure 6 ir the work of 8ostrom et al,
{1971}
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Fig. 1. Mirroring proton fluxes (8 < Ex = 25 MeV) as measured by satellites 1963-38C, DIAL, 72-1, $3-2, and S3-3,
from January 1964 until August 1976.

observations. However, there is no quantitative theory that
can be used to correlate such an injection with the low latitude
precipitation. (Note added in proof: The recent tropical aur-
ora observed April 13, 14, 1981, coincided with very large so-
lar flares and had a Dst = =300 y (J. C. Private Communica-
tions, Joselyn, 1981; M. Sugiura, Private communication,
1981).)

Looking back over the past observations, the only increase
of some significance in the inner zone of trapped protons was
revealed by the measurements made by Filz and Holeman
{1965] at low altitudes, of the 55-MeV trapped proton fluxes
immediately following the ‘Starfish’ high-altitude nuclear
explosion. Their observations were consistent with a simple 2°
equatorial pitch-angle redistribution that moved particles
down the field lines. Subsequent analysis by Cladis et al.
[1970), while making this interpretation plausible has not
yielded quantitative proof of this hypothesis. Although the
observations here at L = 1.90 could be explained by a pitch
angle redistribution caused by ‘Starfish,’ the necessary in-
crease at L = 1.20 could not be accounted for by the same re-
distribution since this observation was made at the equator
(B/B, = 1.00). To explain the order of magnitude increase at
L = 1.20 would necessitate a redistribution in L and/or an ac-
celeration mechanisms.

Further evidence for ‘Starfish’ having caused the increase in
the proton fluxes is the observation by Fischeil et al. [1966],
who reported that damage to solar cells of the 1961 an 1 and 2
satcllites following the nuclear explosion which could ‘not be
explained by an omnidirectional fission-electron spectrum.’
These authors postulated ‘a significant increase in the number
of protons with E > 4.5 MeV being redistributed at least to an
altitude range between 400 and 1200 km’ by ‘Starfish.” Thus, if
the 8- to 25-MeV protons were to have been introduced by
‘Starfish.’ it would provide a resolution to this long out-
standing problem.

Another curious aspect of the L = 1.20 observations that
must be explained by any source is the constancy of the flux
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from 1964 to 1968. A similar constancy in the 55-MeV proton
fluxes was observed at lower altitude in the measurements of
Filz and Holeman [1965), Filz [1967), and Heckman and Na-
kano [1969]. These authors showed that this could result from
a chance coincidence between the rapid flux decay following
‘Starfish’ and the decreasing atmospheric density correlated to
the approaching solar minimum. While the atmospheric den-
sity-solar cycle relationship is a0t well established at the
higher altitudes considered here, it would seem to be a likely
explanation for these present results at L = 1.20 as well.

In order to investigate the possibility that the 8- to 25-MeV
protons reported here were present prior to ‘Starfish,’ a close
examination of pre-‘Starfish’ data was made. Unfortunately,
very little directional flux data was obtained prior to this arti-
ficial event, and geiger counter data cannot be used for quan-
titative comparisons. the NERV nuclear emulsion data
[Naugle and Kniffen, 1961, 1963] would be the most reliable
for determining proton fluxes in this energy interval, but there
is some absolute flux uncenainty due to the spinning of the
rocket. The NERYV ‘point B’ that corresponds to L = 1.72 and
B = 0.198 (see Figure 11 in Naugle and Kniffen [1963]) is
closest to our data point at L = 1.90 (B = 0.215). The proton
energy spectra at the NERYV ‘point B' when properly inter-
polated, would give 8- to 25-MeV proton fluxes in reasonable
agreement with an extrapolation of our L = 1,90 data back to
1960. Naugle and Kniffen [1963] suggested that the main
source of the upturn at the low energies in the proton spectra
results from the injection of the albedo neutrons by solar pro-
tons (SPAND).

TABLE 3. Mean Lives, r (years) of the Proton Flux Decay at L =
1.20, 1.35, and 1.90

L 1963-38C Total Data
1.20 Constant 307+£025
1.38 T1+14 5.70 £ 0.50
1.90 ~43 204 4552010
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The low energy protons observed at L = 1.72, B = 0.198
(NERY ‘point B’) sees to disappear at L = 1.64, B = 0.196
(point C). These same authors interpret this observation as
resuiltng from the transition from the SPAND source to the
equatorially shadowed (from the polar cap) region where the
CRAND source predominates. Qur present data however,
shows intense fluxes of low energy protons down to L = 1.35,
a region in L space that is wnaccessible to SPAND.

For the SPAND process to contribute, one would also have
to assume that the major contribution came from the large so-
lar tlares that occurred during the 1950s and that the absence
of large proton producing flares in the 1960°s has led to the
decay. The August 1972 (lare was large cnough but still prob-
ably less than 1/10th the size of the sum of the 1950's flares
and hence would probablv not contribute sufficient low-en-
ergy protons to be observed because of the uncer.aintics of
comparing ditferent data sets.

Ancther possibibit {0 explain these protons is that they
coulc huve heen brought onto the lower L values by inward
radiai diffusion processes such as those proposed by Farley
and Walr [1971]. However, they should be present in the
NERY data as well. Finallv, an alternative hypothesis is that
the low L regions were populated with low-energy protons by
‘Stacfiak’ and that the high L rexions were populated with
low-cnieiny protons by ‘Starfish’ znd that high L regions were
populaizd by the SPAND process. Thus. the NERV data does
suggest a source ot low energy protons, which if redistributed
a few degrees in equatorial pitch angle by ‘Starfish,” might ac-
count for the high fluxes at the lower L values reported by
Bostrom et al. {1971].

CONCLUSION

Although we caanot completely explain the observed phe-
nomenon, i.e., the steady decrease of the 8- to 25-MeV proton
fhaes at L = 1.9 over the 13-years observi.tion period, 1t is
neveriheles: weil estunlished fom 5 independent seis o ~b-
servations that the originally observed decay of the proton
fluxcs betweern 1964 and 1968, at L. = 1.35 and 1.%0 has con-
tinued unabated until at least August 1976.

Thes decrease wn the duxes, which spans approximatejy 13
vzars, cannot be related to the 11-year solar cycle. Indeed, for
the soutr mantina that occurred in ~1965 and ~1976, any so-
laranduced modulation of the proton fluxes would have re-
suited i comparable tdux (ntensit.es at these 2 times.

Theie 15 2o doubt, based on three independent sets of ob-
servauons, that the flux at L == 1.20, which was observed to be
consiant up urtid 1969, started decaying at approximately that
time with the shoriest mmean life observed 1n our data, 1e., 3.07
2 2% cenns

Wt atas possibie that the 8- to 25-MeV protons that we
are vbseiving were onieinally irtzoduced by some large mag-
tone et an the 19065 thes eaplanadion seen unlikely;
most probably, we are simply looking at protons redistributed
e Lovalue ard pach angle ty the 'Starfish® high-altitu-de nu-
claar o on o July 9, 1962
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